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ABSTRACT 
Lake Burley Griffin (LBG) is a shallow (z = 4.7 m) turbid 
(secchi disc depth 0.4 - 2.4 m) artificial lake, 704 ha in area. 
It receives wastes, principally zinc , from an abandoned mine in 
the catchment. 
The lake has a rapid rate of water turnover; approximately 
five times per year on average, although the rate in 1972-73 was 
considerably slower. The lake was polymictic. Consequently 
sediments were a significant heat storage. The throughflow of 
water also influenced the energy budget slightly; tending to 
heat the lake in summer and co.o.l it in winter. 
Bioassays indicated that, for phytoplankton, phosphorus was 
the nutrient element most likely to be in short supply. Estimates 
of annual phosphorus loadings from the nutrient budget suggest 
that LBG had a nutrient status between upper-mesotrophic and eutrophic. 
However phytoplankton production, measured by the carbon-14 method 
suggested an oligotrophic to lower-mesotrophic status. 
A number of environmental parameters were monitored in 
1972-73 and assessed by multiple regression analyses to elucidate 
those factors influencing plank tonic primary production. Results 
indicated that turbidity and, to a lesser extent, zinc pollution 
and temperature were major controlling factors. 
During the last six months of the study, a nillllber of 
buoyant and , in some cases, zinc-resistant algae became dominant. 
At this time primary production and biomass at the surface , were 
more typical of mesotrophic-eutrophic lakes. Increased_nillllbers 
of cladocerons, particularly Daphnia carinata and Ceriodaphnia 
quadrangula, coincided with high surface phytoplankton biomass. 
Turbidity was caused mainly by suspended particulate 
matter in the water, and appears to play an important part in 
the dynamics of zinc and other ions in the system. 
Laboratory experiments show that, depending on concentratipn, 
zinc may affect algae in any of three ways; by decreas ing 
population growth rate, by reducing the rate of photosynthesis, 
or by increasing the rate of extracellular "excretion". Although 
each algal species tested, reacted in this way, the degree of 
reaction varied considerably. Zooplankton species also varied in 
their zinc-tole rance. 
Changes 1n environmental factors may be reflected in the 
replacement of one dominant phytoplankter by another. These 
changes in "dominance structure'.i appear to "buffer" planktonic 
primary production against environmental variability. 
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1. 1 
I ~TRODUCTI01 
The tern1 ecosi stem ,as first used by Tansley (1935) to describe 
the natural order which Lindeman (1942) later defined as'' ... the system 
composed of phy ical-ch mi ca l-biological processes active within a space-
time unit of any magnitude , i.e. the biotic community plus its abiotic 
env1 onment." The ycling of ~hemical elements through biotic and abiotic 
ph · ses is ab sic e osystem process, and biological ac tivity is depend nt 
upon chemical energy s tored and transported as organic carbon compounds. 
The endergo ic reactions \vhich augment this pool of potential energy 1n an 
ecosystem are known collectively as pr~mary production . The most significant 
form of primary production is phot osynt hesis: a physiological proces s by 
which light energy is fixed in synthesis of organic molecules. 
Odum (1 97 1) has s ummarised the ecolo gically significant transaction 
of photosynthesis in tl e follo~ing equation : 
1,300,000 calories 
r diant energy 
13,000 cal ries 
pot ntial en rgy 
s ~25 8g protoplasm 
+ 
1 P0 4 + miner al elements 
1, 287 , 000 calories 
heat energy 
dis s ipated (99 %) 
Thus v n c.lt jts most f f icient, photosyn thesi s di erts only a small pro-
portion of the · v·t i Lb l r adiant energy into the biological syst m. 
The amoun of n r gy di rt d into the biological syst mis 
depend nt on th' O 11 aj or f tors : the bi onr s s of pr1n ry producers, and t.h 
rate at whicl1 they are able to synthesis new or an1c mat ri a l. The a im 
-
• 
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of the pres nt study is to investigate the ways in which these factors 
\ el'e regulated in a phytoplankton community in Lake Burley Griffin (LBl,) 
in 1972-73. Th genera l f orm of the study is an xamination of the biotic 
and abiotic omponents of the "planktonic primary production system" in one 
part of LBG (West Lake). Some inferences derived from stat is tical analysis 
oi these data are examined experimentally. 
Primary production was estimated by measur ing the assimilation 
of radioactive carbon (the carbon-14 method). The method has proved to be 
both sensiti e and reliable under laboratory conditions (e.g. Bassham and 
C lvin 1957). Field applications result 1n several difficulties of 
int rpretation, but throughout thi s work it 1s assume d that carbon ass-
i milation rn asurements provide a consistent estimate of relative 
phytoplankton production. (For the purposes of this study ahsolute 
primary production measurements , ,hilst desirable , are not essential.) 
LBG hast o outstanding charact ristics: a high (but variable) 
lev 1 of abiogenic turbidity (resulting 1n rapid vertical ligh t attenua tion), 
and chronic zinc pollution derived f rom an abandoned mining operation 1n th 
atchrnent. 
lnterpretation of the results of ield cological studies is 
oft en aided by nnni.pulation of the impo tc1nt variables . ith the exceprion 
f some ariation 1n zinc concent-r ... tions , no manipulative field experiments 
\er carri lout 1n th present study. Howe er , several factors, includ-
ing zin, ~ight att nuation, and nutrient con entrations , were investigated 
in the laborororr. 
-
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The format of the thesis is as follows . Section 2 describes LBG 
as a physical environrnent for phytoplankton . A "broad-brush" approach is 
adopted, aimed at providing a general perspective of LBG and its catchment 
that will enable comparisons with other lakes, as well as explanations for 
biological observations reported later. 
In Sec tion 3, the core of the thesis,planktonic primary prod-
uction, 1n the lake is analysed. This makes no pretence at describing 
the status of planktonic primary production in the lake as a whole. 
Quantification on that scale would require a quite different sampling pro-
cedure from the one employed. The present study rather is concerned with 
phytoplankton production, as a function, under conditions extant in LBG 
in 1972-73. The strategy of the analysis is to begin with the complete 
system and gradually dismantle it into smaller sub-systems seeking cause 
and effec t relationships at each step . It is hoped in this way to maximise 
the resolution power of the analysis without losing ecological perspective. 
Sections 4 and Sare extensions of this approach , being furth er 
1n estigations of particular environment factors, namely light and zinc 
pollution. In field studies, these factors emerged as probable major 
regulators of production. 
2.1 
SE }::'IO 2 PHYSIC -L A D CHE ,JI CAL Lfl.! OLOGY 
2.1 I TRODUCTIO 
La~e Burley Griffin (LBG) i s situated 35° 17 1 S, 149°E. The 
altitude (55 6m above sea level) an d continen t a l position of the lake 
(120km from ocean) are r es ponsible for wide diurnal (annual mean= 
0 0 13.2 C) and s as onal r ang s (mean= 14.6 C) in temperature. The mean 
annual rainfa ll of 664mm is even ly distributed throughout th e year, but 
rain is quit e variab l e , ranging from 25 4mm to 1,09 2mm in the past 40 years . 
In terms of the Koppen class ification the l ocal climate is of the Cfbt' type. 
Long term means of meteorological data are pr esented in Tabl e 2.1 . 
The period of the study , 1972-73 was drier than average until 
\ inter 1973, ith the excep tion of some storms in February 197 3. The 
summer of 1972-73 \ as hot · er , and dr ier, than average - radiation, temper-
ature and evaporation were hi gher than the longterm means and rainfall and 
cloud cover were correspondingly lower. From July 1973 rainfall was above 
a erage , mcJrking the end of a prolonged dry period. However, temperature , 
radiation 1<l evaporatio11 r malned at or above mean values. Although rain-
fall in the l · s t 6 montl s of th study was 1.4 times the av erage , catchment 
runoff \a s not h i gl1 untjl ovember , reflecting the absence of extended 
p!.!riod s o he avy r ain , arnl clep l etcJ ground \ at.er r eserves. 
The ru.1turul l·gt.: tatjon of the area is prair ie grass land on the 
plains (Tht;,mcda.# aust1·a li u_, Danthonia spp., Poa lahillardier•a., Stipa spp .) 
with opens lerophyl l \ vocl l and (Eucalyptus speci s including E. mannifera 
E. maculosa., E. mel liodo1.·a_, E. bridgesiana., E. rubida., and E. b lakelyi and 
TABLE 2. =- Meteorological data for Canberra . Long - term 
monthly 2.nd ann-...1al averages are shovrn for comparison with 
data for 1972-1973, Sources : 
Bureau of Meteorology (1968) 
Forest Research Inst itute (radiation) 
YEAR..~ CF' 
OBSER\'ATJOI' JI\N FEB MAI< I\PJ; MAY JUN JUL AUG SEP OCT NOV DEC \'::Af, 
RAlNfALl. 1931-f.C 59.2 53.6 63.8 54. 3 53. 3 51.6 4 5. 2 49.3 45.2 72.9 55.4 50.8 6(;4.3 
(nvn ) 1q77 90.6 40.6 30.2 28.5 38.4 13.5 7.9 73. 9 11. 7 54.9 70.9 3.6 4H. 7 
1973 oB.3 128.8 so.~ 11 . 4 64.0 36 .8 66.B 64.8 60.5 106. 9 111. 0 4 5.5 81 4 . fl 
MEAN TEMf 192A-65 20 . 6(1 4 . 5) 20. 2 ( 13. 7) 17.903.2) ]3. 5(11.9) 9.5(11.3) 6.8(9.8) 6.0(10) 7.4(10 .9) 10. 1(12.3) 13.2(12.6 ) 16. l (13.4 ) 19 (14.2) 13. 4 (1~.4) 
(rangd (°Cl 1972 18.6(10.3) 18.9(11.5) 17. 4 (12.9) 13. 3(13.2) 10.4(12. 4 ) 6. 5 ( 12. 7) 6.5(10.4) 8.3(10.7) 11.4(14 . 4) 14. 0 (12. 2) 16.3(12.5) 21.1(15.6) 13.6(12.4) 
1973 23.4(14) 20.7(10.2) 17.8(12) 14. 7(12) 10.0(11.5) 7. 5 (8. 8) 7. 8 (9 . 3) 7.8(10.7) 11. 2 (11. 2) 14. 2 (9) 16.1(11.4 ) 19. 6(12. 3) 15 ( l l l 
SUNSHlNE 1934-f$ 9 8.3 7.4 6.9 5.6 4 .6 5.0 6 . 0 7.5 8. 0 9. 0 9.1 7.2 
(hrs) 1972 5. 7 7.2 8.2 7.4 6.6 6.6 6.2 6.3 8.3 7. 7 9.2 10.2 7.5 
1973 9.3 6.1 7.3 6.7 6.8 4. 6 4 .8 6.1 7.5 5.7 8. 1 9.6 6.9 
RADIATJON ]069-73 60£' 51 0 467 367 255 221 227 307 4 34 518 594 685 4 33 
_., 
-1 g.cal.cm · day 1972 483 472 512 371 28] 251 245 3] 4 491 506 637 729 44 ] 
1973 72] 488 503 387 279 200 221 332 44] 426 569 684 43 8 
fVI\PQRATJON 192q-65 20).4 157.0 128 .8 83. l 48 .3 31. 2 31.0 4 3. 9 71.) 110. 0 146.6 ]85.2 12 37.5 
( mr, ) 197:' 190.3 167. 6 167. 4 104.9 77.2 50.5 72.9 85.9 154 . 4 165.4 195.6 338.8 1770. 9 
]973 303. 3 169 . 4 161. 0 112 . 5 77. 7 46.0 42.9 62.2 111. 0 120 . 4 172. 0 231. 9 l"-1 0.3 
WIN D SPEED 1929-6 5 7. l 6.3 5.5 ~.8 4 . 7 5.2 5.2 6.0 6 . 4 6.8 7.2 7.1 6.0 
(km.f .h.) 1972 f.2 5.1 5. 4 5 .5 3.6 3.8 7.6 6.0 6. 7 6. 7 5.9 8.0 5.9 
]973 6.5 5. 7 s.o 4 .6 5. 3 4.8 3. 3 4.8 7. 4 5.3 6.2 6.5 5.5 
CLOUD COVER 1930-65 3 . 9 4 . l 4 .2 4. 3 4. 5 4 .9 4 .5 4 . 4 4.2 4.5 4 .4 4. l 4. 3 
(octal r·atrnq ) 1972 5.e 5 . 2 4. 0 3.6 3. 6 3.1 4 .1 4 . 6 2.5 4 . l 3.8 3. 3 4. 0 
]97 3 4 .3 6. l 4 . ( 4.6 4 . 4 5.4 5. 3 4 .9 3.8 6.0 5.2 4. 2 4.9 
~ 
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scrub undergrowth of grevi lleas and acacias) on slopes above 600m. 
Agriculture in the catchment consists mainly of grazing (sheep 
and cattle) with some grain crops. Limited dairying, fruit and vegetable 
production, and fodder cropping are carried out along the rivers. The 
significant urban inputs to the catchment are sewage effluent and storm-
water from Queanbeyan (population 21,000), on the Queanbeyan River, and 
some stormwater from Canberra (population 170,000)*. ~igure 2.1). No major 
manufacturing industry influences the catchment area. With the exception 
of occasional accidental inputs of raw sewage from the Queanbeyan second-
ary treatment plant (not during this study), the sole major source of 
pollution is heavy metal contamination originating in now-defunct mining 
operations at Captains Flat, near the Molonglo headwaters (see Section 5.2 
and 5.5 for detailed discussions of zinc pollution). 
The total catchment area for LBG (above Scrivener Dam) is 
183,700ha. The catchments of the major inflowing streams are: Molonglo 
165,600ha (including 97,000ha in the Queanbeyan system) and Jerrabomberra 
Creek 11,800 ha . Of the remainder, 4,400ha is urban catchment (including 
parks etc.) in Canberra, 700ha is the lake itself and the remaining 
l,200ha is made up of the slopes and valleys surrounding the lower parts of 
the lake. These have a variety of cover including pasture, natural forest, 
and Pinus radiata plantations. 
LBG is an integral part of the urban design of Canberra. It is 
intended to be used primarily for swimming, fishing, boating, irrigation of 
* Stormwater from approximately 65% of Canberra's area and all sewage 
effluent enter the Molonglo system below LBG. 
, 
Fig. 2.1 A. Lake Bur l e y G~ i ffin in relation to the upper 
Molonglo - Queanbeyan River system. Stipp le 
represents urban catchments . G: gauging station. 
0 
B. Bathyrnetric map of Lake Burley G::::-iffin; contours 
in metres. Th e cross in West Lake. shows the routine 
sampling station , Large arrows represent major 
stormwater inf l ows apart from Sullivan ' s Creek . 
FRI : Forest Resear c h Inst i tute. 
Captains 
Fl at 
10 km 
A 
~o ~•oo ___ •ooo m 
..._ ______ ___. 
FRI 
• 
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public gardens etc. and for aesthetic purposes; its secondary purpose 
is urban catch111ent drainage (Anon. 1974). It follows that the lake is 
subject to considerable modification and manipulation. These include 
strict control of water level , application of "acrolein" as a weedicide 
in some areas, and stocking with fish , including introduced (Rainbow 
trout, Salmo gairdne:r•i ., and brown trout, S. trutta)and native species 
(Golden perch, Plectroplites ambiguus). Use of the lake 1s controlled 
by government regulations enforced by a small contingent of Water Police. 
One regulation of importance to the present study is prohibition of the 
use of small boats on days when wind speeds exceed 20 knots. This greatly 
accentuates a natural bias towards sampling on calm days . Such bias may 
have resulted 1n a disproportionate nwnber of clear days being sampled. 
2.4 
2.2 MORPHOLOGY 
The lake was filled in 1963. The lake bed had been the 
flood plain of the Molonglo River and was used mainly for grazing. 
Prior to flooding much of the topsoil was removed from accessible 
areas, exposing a fine clay sub-soil. This may have contributed 
to the turbidity of the water, together with the shallowness and 
long wind-reaches of the eastern basins of the l ake. 
Morphometry of the lake is summarised in Table 2.2 and 
Figure 2.2. The lake is shallow although the depth increases 
along its length, a feature typical of dammed rivers. Also, as 
might be expected from its origins, LBG is elongated (shoreline 
development 3.77). In fact it forms a chain of six basins (see 
Figure 2.1) the total length of which is 9.1 km. The conformation 
of a lake has considerable bearing on other aspects of physical 
limnology. In the case of open lakes, such as LBG, the velocity 
of water flow in the lake will be reflected in the degree of 
elongation of the basins. Energy dynamics and the efficacy of 
nutrient inputs depend to some extent on the depth of the lake 
(see Sections 2.43 and 2.53 respectively). 
2.5 
Table 2 . 2 Morphometry of Lake Burley Griffin 
A. Morphometri c Parameters 
Surface Area (A) 704.17ha 
Mean Depth Cz) 4.71m 
Volume (V) 33166Ml 
Circumference (S) 35.42km 
Shore line Deve l opment ( s ) 3.77 
2 /rrA 
Maximum depth z 17.37m m 
Basin "form" Cz/ z ) 0.2 7 m 
B. Dimensions of Main Basins 
Basin Length(km) Maximum Width(krn) Mean Depth(m) 
East Basin 1. 20 0.96 1.9 
Central Basin 1. 64 0.71 
} 4.0 West Basin 0.53 0 . 95 
West Lake 1. 86 1 .58 4.9 
TaTcoola Reach 1. 31 0.55 5 .1 
Yarramundi Reach 2.55 0.78 5.5 
5 
10 
15 
Fig. 2.2 Variation of contour area with depth in 
Lake Burley Griffin. 
AREA (1 division= 100 ha) 
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2.3 HYDROLOGY 
Mean annual flow in the Molonglo River at the site of LBG, 
for the 44 years prior to the construction of Scrivener Dam, was 
160,600Ml (see Table 2.3). This can be taken as an approximation of the 
long term mean annual water turnover through LBG. However, there are 
several important changes in the hydrologic dynamics of water in the area 
now forming the lake. 
The most obvious of these is a greatly expanded air-water 
interface across which water leaves via evaporation and enters by direct 
precipitation. More subtle changes result from the increased water level, 
and are reflected in changes in depth of the local water-table, affecting 
seepage to and from the surrounding soil. Urban development has greatly 
changed the runoff characteristics of the immediate catchment. 
Movements of water to and from a lake can be itemised in the form 
of a balance sheet. The "water budget" is generally expressed in the form: 
tV = (I+ P) - (0 + E + X) 
where tV = change ln lake volume 
I = total inflow from catchment 
p = precipitation on the lake surface 
0 = total outflow 
E = total evaporation loss 
X = net seepage 
-
2.7 
With the exception of X, these parameters were measured directly 
or estimated for LBG in 1972-73. 
Table 2.3 Synopsis of river flow records, 1918-1962, from a station 
on the Molonglo River, now submerged by Lake Burley Griffin 
(B. Fitzgerald personal communication). 
JAN 
FEB 
MAR 
APR 
MAY 
JUN 
JUL 
AUG 
SEP 
OCT 
NOV 
DEC 
* 
MONTH MONTHLY FLOW (Ml) 
Maximum Mean Minimum 
54200 7500 < 100 
38100 6000 < 100 
245500 13700 < 100 
180500 12000 < 100 
307100 17900 400 
230700 20100 700 
181700 21300 700 
90700 16000 900 
75600 11700 1000 
146700 16500 500 
66900 9000 200 
76100 8600 < 100 
Inflow and Outflow (I and 0) were estimated 1n the following way: 
Inflow from maJor natural streams was calculated from daily 
flow measurements* for the Molonglo River (including the 
Queanbeyan) and Jerrabomberra Creek. 
Daily stream gauging data supplied by Department of Housing and Construc-
tion. 
Outflow was calculated from daily flow measurements* 
for the Molonglo below Scrivener Dam after subtraction 
of similar measurements for Yarralumla Creek, a storm-
water channel entering the Molonglo between Scrivener 
Dam and the gauging station. 
Inflow from storm-water was estimated from daily rainfall 
data supplied by the Bureau of Meteorology for the urban 
catchments north and south of the lake (O'Connor and 
Parliament House gauges respectively), and a regression 
equation relating rainfall in the Yarralumla Creek 
catchment to stream flow (Figure 2.3) was used to predict 
storm-water inflows from rainfall data for its urban 
catchment. 
2.8 
Evaporation (E) was calculated from daily meterological records 
and class A pan evaporimeter data supplied by the Forest Research Institute, 
(FRI), Department of Science, and from routine lake temperature measurements. 
TI1e FRI meteorological station is 600m south of the lake (see 
Figure 2.1). It may be assumed that the air mass passing over the 
evaporimeter is not modified by the presence of the lake as the pan is at 
a distance greater than half the fetch of any "on shore" wind (Anon. 1970) 
except, possibly, winds from the north east, which are uncommon in the area. 
The formula used for the calculation of evaporation adjusts 
the evaporimeter readings for the difference between water surface 
* Daily stream gauging data supplied by Department of Housing and Construc-
tion . 
...____~~---~-
------------
- ~ 
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10 
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Fig. 2.2 Variation of contour area with depth in 
Lake Burley Griffin. 
AREA (1 division= 100 ha) 
temperatures of the lake and pan (Webb 1966). 
E = 1 . 5 x Ep x ( e L - e A) / C ep - e A) 
where~= water loss from pan (mm) 
eL = saturation vapour pressure corresponding to 
mean afternoon temperature immediately below 
the lake surface (millibars) 
ep = saturation vapour pressure corresponding to 
minimum pan water temperature reached during 
the day (millibars) 
eA = afternoon average vapour pressure (at 4m height) 
(millibars). 
2.9 
The nwnerical coefficient of 1.5 was obtained by fitting the formula to 
Lake Hefner data and is applicable for lakes of area greater than 200ha 
(Anon. 1970). Vapour pressure data for the equation were calculated from 
dew point (and water temperature) measurements according to the expression 
e = .11 + T{0.4317 + T(0.01632 + T(l.463 x 10- 4 + 
TX 5.83 X 10- 6 ))) 
where e = vapour pressure (millibars) 
T = dewpoint (and water temperature) (°C) 
The expression describes a curve fitted to tables (List 1971) 
relating vapour pressure and dewpoint (I.R. Cowan, personal communication). 
The curve and some points derived from the table are shown in Figure 2.4 · 
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Precipitation on the lake surface (P) was calculated from 
daily rainfall data supplied by FRI. 
Seepo.ge (X) was not estimated directly. It would be a sig-
nificant component of the "residual" by which the budget equation fails 
to balance. 
Changes in lake volwne (AV) were calculated from daily records 
of water level in LBG, supplied by the Department of Housing and 
Construction. 
The water budget is shown in Table 2.4. All volumes are ex-
pressed in Mega-l itres (Ml). The unaccounted-for residual is the amount 
2 .10 
by which the total inputs and outputs fail to balance after taking changes 
in lake volume into consideration. Much of thi s residual would have been 
net seepage, which probably accounts for the imbalance in 1972 and early 
1973. After July 1973 the estimates of total output fall short of total 
inputs by an average of 19%. It is known that, during periods of high flow, 
sand is moved from the vicinity of the stream gauge on the Molonglo below 
LB · (B. · i tzgera ld personal communication) . During 1972- 73 two major 
flushes occurred in the Mo longlo: February , 1972 and August-November , 1973. 
In the intervening period the water budget is reasonably balanced, but before-
hand (January 1972) estimated outflow exceeds inflow and after August 1973 
the outflow appears t o fall progressive l y further behind inflow. It is 
concluded that scouring during two periods of high outflow has changed the 
conformation of the river basin around the lower Molonglo gauge (which 
presumably was re-calibrated in the intervening period) , increasing the 
volume of water passed per unit flow . On this basis the unaccounted 
re ·idual is att ributed entirely to outflow, f or the purposes of calculating 
Yl:.AR & CHANGES IN 
~!Or-.'11 1 LAKE 
VOLu-iE 
1972 
JAN -86 
FEB 0 
MAR 0 
APR -22 
~IA) -279 
JUN 215 
JUL 0 
AUG -64 
S[P 86 
OCT 86 
NO\ -64 
DEC -1202 
1973 
JAN 43 
FEB 111 6 
MAR 0 
APR -43 
MA) 22 
JUN 64 
JUL -43 
AUG 107 
scr -150 
OCT ]50 
NOV -43 
DF C -150 
19 72 
AVERAGE 
TOTAL -1330 
1973 
A\'ERAG[ 
TOTAL 1073 
~ 
TABLE 2.4 Wate r budget o f Lake Burley Griffin, 
showing monthly inflows and outflows (Ml) , 
1972-1973. 
IN PITT OITTPITT 
Molonglo Jerrabom- Stormwater Rainfall Total Outflow Evapor-
R. berra Ck. North South lake at dam ation 
Surface 
4540 300 550 456 639 6485 7840 839 
17480 1489 237 222 28 7 19715 19550 738 
7020 0 207 151 21 3 7591 6450 939 
3100 0 257 158 200 3715 3220 621 
3400 3 266 171 270 411 0 4610 357 
2460 0 100 72 95 2727 2270 221 
2240 0 81 63 55 2439 1730 254 
3040 15 441 360 521 4377 3520 359 
2560 l 101 86 82 2830 1920 852 
1300 l 315 304 386 2306 1660 716 
3050 1 382 339 499 4271 3380 805 
495 0 34 44 25 598 0 1307 
41 0 1 213 312 481 141 7 67 1147 
6420 11 5 791 634 907 8867 6670 580 
1820 16 334 218 352 2740 1570 699 
1340 6 113 72 81 1612 750 652 
3230 158 468 364 451 4671 3330 402 
1750 22 263 194 259 2488 2210 235 
4740 401 428 344 470 6383 5250 188 
8170 792 509 347 456 10274 9210 181 
17440 1380 370 299 226 ]9915 14 760 334 
14 310 1102 705 475 753 17345 1221 0 466 
29530 2254 820 560 782 3394 6 27530 879 
4710 9 34 7 238 320 5264 3390 1156 
4224 172 248 202 273 5097 4679 667 
50685 2069 297 1 2426 3272 61164 56150 8008 
7823 521 447 338 478 14 704 7246 577 
93870 6256 5361 4057 5738 176446 86947 6919 
UNACCOUNTED 
RESIDUAL 
Total 
8679 -2016 
20288 -554 
7389 268 
3841 -68 
4967 -807 
2491 409 
1984 649 
3879 558 
2772 219 
2376 -73 
4185 104 
1307 -45 7 
1214 188 
7250 2311 
2269 509 
1402 375 
3732 102 2 
2445 79 
5438 995 
9391 1015 
15094 4844 
12676 5117 
28409 6275 
4546 1112 
5347 
64158 -1768 
7822 
93866 23842 
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energy and nutrient budgets. 
The hydrologic budget was calculated primarily for the purpose 
of examining the dynamics of inorganic nutrients and pollutants in the 
system. However it also affords an opportunity to compare 1972-73 data 
with the long term means of throughputs for the Molonglo (Table 2.3), 
permitting an assessment of the period of the study in terms of conditions 
typical to LBG. Even with the inclusion of terms other than stream flow 
(the basis for the long term means) water throughput was considerably 
below average in both 1972 and early 1973. Consequently it must be borne 
in mind during the discussion of factors in which water throughput is 
implicated (e.g. nutrient supply) that data for 1972-73 may be atypically 
low. Mean flushing time of LBG is low (0.21 years). Because of this LBG 
presents an interesting situation, at times behaving like a lake and at 
other times flushing at the rate of a broad section of a large river. This 
must influence other components of the ecosystem, physical and biological. 
For example, energy storage is most likely to be changed by variations 
in flow rate. The pattern of energy storage is greatly influenced by 
water movements both within and through the lake. Planktonic organisms, 
with little control over their horizontal movement, will also be dependent 
on water movement. Ideally, the flow rate should be sufficient to supply 
nutrients, without moving the plankton on too quickly for their rate of 
reproduction. 
LBG receives pollution by heavy metals imported by the Molonglo. 
As will be discussed later (section 5.2, 5.4), inflow and flushing rates 
are important in determining the severity of this pollution. 
The role of urban runoff is also of interest. In the case of 
LBG in 1972-73 it represents 2.4% of the catchment area but contributes 
8.2% of the inflow. Thus urban development of the surrounding catchment 
represents an increase of 340% in runoff for that area or 3Ml.ha- 1 year- 1 
on the basis of long term flow data (see Table 2.3). In fact further 
development of Canberra within the LBG catchment has all but ceased, but 
development upstream of the lake, at Queanbeyan, would probably have a 
similar effect. 
2.12 
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2. 4 E ERGY 
Solar radiation is the primary energy source for all biological 
processes. It r aches the earth 1s surface as electromagnetic energy in the 
spectral range of 285-3000nm (approximately). At this stage the energy 
may be categorised according to wavelength as : 
anti-organic (285-350nm) ; denatures complex, biological 
molecules and cont1·ibutes to breakdown of dissolved organic 
matter in water 
pro-organic (350-750nm) energy s ource for photosynthesis 
(plus the large nwnber of behavioural and physiological 
functions based on light) 
catalytic (750-3000nrn); absorb ed as "heat" (electron 
excitation) which catalys es bio chemical (and physico-
chemical) reactions, thus influen ing the rate of the 
cyclical functions of the ecosystem. 
The special characteristics of th e f irst two categories are 
djscuss d further in Appendix A and S ction 4 respectively. In the 
remainder of this section interest will centre oh heat . 
Ln c.;rgy fluxes occur c.1t the ajr/watcr and \;1atcr/earth interface 
of a lake und wj th the inflo\'1 and outflm;1 of ater. By co1 sid8ring 
sediments as part of the lak· sy~ tem - and this is desirable for other 
reasons, e . g . lake chemistry - energy transfer through the surrounding 
2.14 
earth becom s much less ·mportant (and rnore difficult to measure). Hr -
after "lake" refers to the wat rand sediment syst m. 
2 . 411 Energy lux at lake sur"ace . The net energy flux at. the surface 
of a lake results from interaction of : 
solar radiation (Qs + QH) from sun and sky 
longwave radiation from t he atmosphere (::::QA) 
upward scattering (Qu) - radiation deflected to such a 
degree by suspended particles that it re-enters the 
atmosphere from th e water 
reflection at the surface (QR) 
longwave radiation from t he water (Qw) 
sensib l e heat transfer between atmosphere and water (Qs) 
evaporation (QE) 
advection in water vapour (Qe) 
The latter four phenomena take place at the water surface but 
the first three involve penetration of radiant energy into the water body . 
The degree of penetration is determined by the wavelength of radiation aud 
the quality and quantity of dissolved and suspended matter in the~ ater. 
Pur water is relatively opaque to radi ation of wavelength greater than 
750nm (Hutchinson 1957), hich is therefore absorbed near the surface . 
In cl-ear n tural waters the r maining half (approximately) (Stricklanct 1958) 
of solar radiation can penetrate to a considerable lepth. Ho ever it is 
usually bsorbe<l in the upper f \ metres by dissolved substances 
(particularly organic matter such as phenolj c \hich selectively absorb 
shor t wavelength radiation) and suspended particles (biotic , biogenic, and 
abiogenic). These absorb some radiation and deflect a large proportion 
of the remainder, thus increasing its path length (in relation to depth 
of water) and consequently the proportion absorbed at a given depth. 
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The degree of attenuation of light (the only radiation likely to penetrate 
water to any depth - see above) by the combination of these factors in a 
body of water is referred to as the turbidity of that water. Secchi 
disc depths in LBG for 1972-73 are presented in Figure 2.5. A 20cm 
diameter metal disc, quartered in black and white, was used. The data 
are the means of the depths of disappearance and reappearance of the 
disc observed, without a viewer, on the shaded side of the boat*. Under 
turbid conditions, they represent the depth to which approximately 11% 
of the radiation (405-720run) reaching the surface penetrated into the 
water (see Section 4). The data indicated that the level of turbidity 
was always high in LBG. Thus the system responsible for the exchange of 
energy between the lake and the surrounding environn1ent operates at or 
very near the surface,particularly in the case of highly turbid lakes 
such as LBG. 
2.412 'Energy flux within the lake. Although incoming solar energy 
is trapped near the surface of LBG, the temperature profile (see Figure 
2.6) gives no indication of thermal stratification during 1972-73 in West 
Lake. Any tendency for the isotherms to vary from vertical probably 
results from the fact that there was a sampling bias towards calm days 
(see Section 1) and more importantly that measurements were always made 
between 11.00 and 11.30. Figure 2.7, a typical diel temperature profile, 
shows that vertical temperature gradients observed at that time of day, 
may be transient. 
* Secchi disc measurements are discussed further in Section 4. 
0 
0.5 
1 
,....... 
J:; 
..c:: 1.5 
.µ 
~ 
(I) 
Q 
2 
2.5 
3 
Fig. 2.5 Secchi disc depths, Lake Burley Griffin, 1972-73. 
Iii 
1!1 1!11!1 11 II l!I Iii l!I l!I fJ 1i1 EJ l!J l!I 
1!121, 
!119 
m 
Q!I 
SI 
l!I 
l!J 
SJ SI 
ID 9 Iii 
s:r ss 
e 
9 
Iii 
Sil fiil 1!11!1 
Iii l!I l!I 
J F 
1972 
MAM J JASON DJ FM AM J J 
1973 
g 
Ii] 
A 
Iii 
!!I 
Iii "m 
!J 
N D 
L 
,....._ 
s 
......, 
.c 
.µ 
~ (]) 
0 
1 
2 
3 
4 
5 
6 
Fig. 2.6 Depth profile of temperature Lake Burley Griffin 1972-73. 
. . :::::::::. :~::-:"/~: 
~ ~:~\~:: ... }::: ,. 
::::::::::.\:·:::: 
~~ ~ :):):~:)~::::i 
![ i 1 111
1 
(iii 
J F M A M 
1972 
J J A 
- =,0/'~S:-
.. · .-:-~ -;~ts::,,,;. : ,. . . • • :·: ~ i i }( . }-
· · · · · ... .. ··· . . .... ·•-
,,,n .·.-.,. · · ·--,· · · · i · ·-=--r 1 · · ----.--y-
s ON DJ FM AM J 
1973 
J A s 0 N D 
II . . . . . . . . . . . . 
II 
D . . . . . . . . . . 
[I]]] . . . . 
' 
[I]]] . . . . 
[I]]] 
6-8 ( °C) 
8-10(°C) 
10-12(°C) 
12-14(°C) 
14-16(°C) 
16-18(°C) 
18-20(°C) 
20-22(°C) 
22-24(°C) 
24-26(°C) 
...--. 
-3 
...c: 
.µ 
~ Q) 
q 
0 
2 
4 
6 
., 
Fig. 2.7 Depth profile of-temperature measured over 24 hours, 17 March, 1973 
------------19.0~ ~ '-----
20. ~ 
19.5 
-
20.0 
1--------20.0 
0600 1200 1800 2400 
Time (hr) 
It appears that the 1 ke is thoroughly mixed through its full 
d pth. Chemical and pl1ytop l anktonic (usually) homogeneity support this 
2.16 
conclusion. 'he fact tha t heat is moved evenly through th e entire water 
column indicates the sediments might pl ay an importan t role in storing heat 
and damp ~ ing temperature fluctuations. 
2.413 Energy flux associated with wat er ingress and egress. The high 
rate of water turnover in LBG makes this means of energy flux very 
important - particularly as the lake is near the (mountainous) source of 
its tributary. The a typically low rate of flow of these streams in 
swmner 197 2-73 probably reduced the buffering effect of this means of 
en rgy exchange. 
2 .4 2 Analyt-ical Energy Budget. Components of energy transfer at the 
water surface\ ere estimated after the model of Walker (197 3) as follows: 
Total Radiation (QS + QH) was measured daily by Mr. W. 
Roberts of th e For stry Res earch Institute, Department 
of Science, using a Kipp Solarimeter. 
Effective Longwave Radia tion (QW - QA) is the difference 
bet, een longwave radiation from water to air (QW) and that 
from air to, a t er (QA). These are estimated using an 
expression of th e Stefan-Bolt znann l rLw relating black body 
radiation t o absolute temperature of the body. The 
temperatures are adj sted to allow for conformity of water 
and air to p ·rf ct black boJy behaviour - 97% (Anderson 
1952) for ater and 82 % (Hutchin s on 1957) for air. 
where 
The expr ssion becom s: 
Q AJ - QA = N ( 0 . 9 7 8 K\ 4 - 0 . 8 2 8 KA 4 ) 
8K\ and 8KA are respectively mean monthly temperatures of 
\ a t er and air (°K) 
= 1.3828 x 10- 6 to give estimat es 1n watts m- 2 day- 1 
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Reflection and Scattering (QR+ QU) was not measured directly. 
It is dep ndent on a mul titude of factors , inc luding solar angle, cloud 
cover , height , and tl1ic kness , atmosphere turbidity, surface condition, 
and\ ate turbidity . eumann (1953) notes t he impor tance of latitude 
1n deternining refl ction los ses fr om inland waters . In this regard it 
1s fortunate th t LBG (35° 17'S) is of similar latitude to Lake Hefner 
(35°30 ' N) and this is reasonabl e jus t ification for considering Anderson's 
(1952) estimates of r eflection and scattering although the high level of 
turbidity in LBG will increase scat tering. Using nine diff erent functions 
according to proportion and height of cloud co er, he expressed the prop-
ortion of tota l radiation r efle ted or backscattered as a func tion of 
solar angle. The proportion appears to be quite ons tant and independent 
0 
of cloud cover for solar angl s great er than 25 . For more acute solar 
angles tl e p- op rtion r~flected and scatter d , decreased as cloud cover 
intensifi d. For an ' a erage 11 da Ande son ' s data sugg st a factor of 
6 - 8 °-o . laking allo\\·ance for high level of scatter ing from suspended 
partic l es, an estimate similar to that us d by Kal~er (1973) of 10% for 
Lackscattering and refl ection s consi ered reasonable . This yields 
the expression 
QR+ Qu ~ 0.1 CQs + Qi-r) 
Evaporation (QE).The heat expended 1n evaporation 1s calculated 
from the equation 
QE = L.E 
where L = latent heat of vapourisation at the prevailing 
.. 1 
mean water temperature (g cal g ) 
and E = monthly evaporative water loss (mm) 
By regressing Lon temperature (correlation coefficient= 0.9999) 
for the range 0 - 40°C the expression becomes : 
QE = (2S00.71 - 2.3596 ew) E/4.184 
where 8 w = mean monthly \va ter temperature ( ° C) 
Advection 1n \ ater Vapour (Qy). Assuming a thermal capacity 
and densi ty of unity for the vaporated water, 
where eb = reference temperature (see beiow) 
Anderson (1952) suggests that the r efere1 ce t emperature, eb , 
should b that of the largest advected volwne . This is not entirely 
satisfactory as seepage, tributary flow, or precipi tation could 
2.18 
provide the major ad ection at different tin1es of the year . The problem 
2.19 
is negligible however since Qy is ordinarily a very small component of 
a lake 1 s total energy transaction and is often di spensed with in calculations 
(Hutchinson 1957). Further, the maintenance of ,near-constant volume in 
LBG during most of 1972-73 may make the choice of eb less critical, (Neu-
mann 1953). From this there appeared no reason to diverge from the 
accepted practice of using wet-bulb measurements as the reference temper-
ature (with the implicit assumption that precipitation is the largest 
advective volume) . 
Net Sensib le Heat Transfer (Q) is related to QE by the Bowen 
s 
Ratio (R) such that 
R i s ca l culat ed as follows: 
The coefficient 6 .1 x 10- 4 i s t aken as a va lue intermediate between those 
for rough and smooth water surfaces (after Neumann , 1953) . 
Energy Flux from Tributary Input and Output (Q 1 , Q0 ) . Neumann (1953) 
es t imated the hea t removed from Lake Hula by the Jordan Riv er from th e flow 
of the river and the temp erature change of the lake . In th e case of LBG, 
t emperatures and flow rates of the ma jor tributaries can be es timated 
accurate l y . It would seem pr efer ab l e therefore to calculate energy flux 
from thi s source by differencing total energy inputs and outputs. 
As suming specific heat and density equal unity 
Qr;:; v1ew1 10/A 
Qo ;:; Vo 0 WO 1 0 / A 
where v1 and v0 are the monthly total inflow and outflow volumes 
respectively (Ml) 
0wr and eWO are mean monthly temperatures of inflow and 
outflow (°C) 
and A is surface area of the lake (ha) 
Water Heat Storage is calculated from the expression: 
Qe ;:; z L\8w1 
where ewr ;:; change in mean water temperature during month c0 c) 
z = mean depth (cm) 
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To be compared with the analytical energy budget calculated on a monthly basi s, 
68WI must be the difference between water temperature at the beginning 
and end of a calendar month - regardl ess of intervening patterns of 
temperature change . As temperatures were not always measured on precisely 
those days , it was necessary to use estimates derived from linear 
extrapolation of mean (integrated over depth) temperatures ·measured at the 
central site, West Lake. 
Sediment Heat Storage is the only component of the LBG energy 
budget for which no means of direct calculation is available . Therefore, 
it was estimated by difference between water heat storage and the remainder 
of the budget. 
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The analytical ene~gy budget fo~ LBG, in 1972-73 is presented in 
Table 2.5. Through the discussion energy has been considered per unit 
of lake surface. The actual uni ts of ene_rgy present a dilemma, however. 
The international scale of units (SI) is gradually gaining acceptance in 
the physical sciences and eventually could be in genera l use in 
limnological studies. However, physical studies in limnology have 
generally expressed energy in gramme calories per square centimetre per 
day . To facilitate reference to previous work, whilst conscious of the 
nexus with possible future studies using SI uni ts (watts m - 2 • day- ,1), both 
units have been used wherever possible throughout the remainder of this 
section. The heat budget can be estimated either from the sum of the 
right hand side of the analytical energy budget equation (if the lake is 
being treated as a single unit) or, more conventionally, from Q and Qm. 
This is generally done by totalling all positive, or al l negative, values 
of these parameters for a given annual cycle. However, if estimates have 
been made for greater periods, a general expression could be used: 
(I: IQI) / (2 Y) 
where Q = monthly estimate of heat storage (either Q8 , 
Qm or CQe+ Qm) 
and Y = number of years of observations 
Estimates of cumulative heat storage are presented in Figure 2.8. 
They indicate that over the period 1972-73, the sediments were responsible 
for 44% of total heat storage. 
2.43 Discussion and conclusion 
LBG provides an interesting subject for a study of energy 
TABLE 2. 5 Analytical energy budget 
-2 -.l (g cal.cm month ) fo r Lake Burley Griffin 
1972-1973. Symbols defined in text. 
Qe Qm (Qs •QH ) (QR •Qu ) (Ql,·-QA) CQs) (QE) Qe Qs Q1r Q1s Qo QI - Qo 
1972 JAN -37ti -5 14 12S74 1287 4707 6880 6986 49 815 1426 265 1611 80 
FEB 94 -968 11770 1177 4275 6318 6143 55 532 5371 123 5956 -462 
MAR -987 -447 13647 1365 4884 7398 7822 68 945 1907 88 1992 3 
APR -2374 -882 9570 957 5311 3302 5180 52 1388 697 79 852 12 
MAY - 1397 -179 7490 749 4496 2245 2990 IS 707 599 65 772 -108 
JUN -703 -138 6475 64 7 4088 1740 1857 4 712 288 16 312 -8 
JUL -141 -412 6531 653 3843 2035 2143 6 429 232 13 255 -10 
AUG 282 -260 8370 837 3848 3685 30 25 3 578 380 87 524 -57 
S[P 1876 -782 12666 1267 3426 7973 7153 7 -159 396 30 304 122 
. 
OCT l .,..,.., 1011 l 3488 1349 3844 8295 5998 18 138 267 123 298 92 
NOV 197] 663 16432 1643 4619 10170 6709 57 852 844 166 928 82 
DEC 65tJ 2036 19432 1943 4008 13481 10874 80 -,141 146 23 145 24 
1973 JAN 1250 2868 19218 19 22 4041 13255 9522 74 -218 139 174 72 241 
!'EB -942 1712 11749 1175 4465 6109 4814 34 577 2050 41 9 2383 86 
MAR -1151 823 13408 1341 5491 6576 5814 60 1097 560 135 628 67 
APR - 1880 -]142 9983 998 511 l 3874 5443 40 1549 338 36 238 13ti 
MAY -196- -91: 7437 744 4784 1909 3369 18 1227 532 114 820 -174 
JUI', -89] -1745 5159 516 4382 261 1973 9 849 249 49 364 -66 
JUL -47 -864 5891 589 4015 128 7 1578 3 524 668 85 846 -93 
AUG 940 748 8850 885 418 7 3778 1521 -2 491 12 73 94 1447 -80 
SEP 2480 509 11376 1138 3863 6375 2802 6 435 3234 106 3483 - 143 
OCT 1105 15 11355 1136 4520 5699 3891 23 696 3666 238 3873 31 
NOV 399 195 14678 1468 4999 8211 7324 66 1447 9885 316 8981 1220 
DEC 892 788 18232 1823 4614 11795 9620 73 682 1437 162 1339 260 
TOTALS 
1972 123 -87:! 138745 13874 51349 73522 6G880 414 6796 12553 1078 13949 -230 
1973 188 2995 137336 13735 54472 69129 57671 404 9356 24031 1928 244 74 1485 
--- -~~---===---~==~ 
Fig. 2.8 Cumulative heat storage in Lake Burley Griffin 1972- 1973 (beginning 
from an arbitrary value of 2000 g Cal cm -2 for December 1971) .Histogram= monthly 
; 
values for lake, including sediments. 8 = monthly values for water alone. 
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transactions being somewhat intermediate between a lake and a river in 
terms of its hydrology (see Section 2,3). Additionally the weather during 
1972-73 was unusual, with an extremely dry period between the first half of 
1972 and mid 1973 (with some relief in February 1973). The dryness of the 
period is reflected in the major role played by evaporation in dissipating 
heat from the lake. The hot (and dry) conditions resulted in mean air 
temperature exceeding estimates of mean water temperature in three months 
(September 1972, December 1972, and January 1973) inferring a net transfer 
of sensible heat from air to water on these occasions. During the two 
years, evaporation losses (including the heat advected with water vapour -
an insignificant addition) accounted for 87% of the net radiation surplus 
(QB) - energy available for heating. 
The next greatest source of energy loss was through net longwave 
radiation between air and water (back-radiation). This component tends 
to be smaller during "heating periods" than during "cooling periods" 
because mean air temperatures rose and fell more quickly than did water 
temperatures (Walker 1973). 
Stream flow evidently is not an important component of the lake 1 s 
energy budget because, although exchange of large quantities of energy 
is involved, the influx (including stormwater) and efflux tend to balance. 
It must be remembered that flowrates during 1972 and early 1973 were well 
below average (see Section 2.3). There is a general trend for energy 
output in water flowing from the lake to exceed input during the colder 
months and vice versa . This would tend to accentuate the annual 
temperature fluctuations in the lake. The converse implication, that the 
lake acts to dampen temperature fluctuations in the river, may be 
TABLE Monthly analyses of major 
and eq iv 
lO ic composition , 
t percent as concentrations 
t o t al 
(or 
(A meq/1 ) 
a n i ons (B %) cations 
sometimes 
men t of Capital 
o:c 
three) 
l e 
Data re 
non th , 
to 
r edns of two 
by the Depart -
Note tha ionic 
satisfactory, 
ana l yses per 
Territories , and apply 
balances f or 1973 data a.re 
West. 
not 
Lake . 
always 
l't,)hTd Y•l~ 
. 
•• H~ J,t 
. h so 2- -~. c a Cl UCO) Sal 1nity lontc 4 8• hnce 
.!1.ll 
JAJI A .10 .01 . d6 .80 . 84 • )0 1. 28 lbll 
28.8 2 . I H.5 Jl.O 14. 8 12.4 12. 8 
fll A 
Ml • .12 .0d .91 . II • )l 
• 2).0 1.1 40 . .l ll.l 
API A 
• 
KAY • .b4 .01 .61 • 85 .42 • 37 1 .42 162 
29.0 J.l 29 .4 )8.1 19,0 h.1 64. l 
JUN A .67 
.61 • 9 . JI 1.21 
JUL .64 .07 .bl • 84 .11 .ll 1. 10 Ill 
28.9 ) . l 30.2 17 .9 34.6 11.8 49.6 
A UC A .61 ,06 .61 1.0 ._81 . )) 1 . 14 118 
2D. 7 2.8 26 . I 43.8 15.6 14.1 49.9 
SU A • Id . 06 . 51 1. 0 • II • JJ 1.17 lib 
26.2 2. 9 25. d 45.2 32 . J 14 .9 12. 9 
OCT A .b9 .06 . 69 .8.1 • 72 . )) l. 24 160 
JO. I 2 . 6 30 .l Jl.l Jl . 4 14 .4 14.2 
A . II .06 • • 9 • 90 .19 • 32 l.Jd 166 
)0.1 2.5 29 . l )11.2 21. 9 14 .0 60. 2 
o,c A • 72 .06 .8) . do .16 • J.I 1.)8 166 
29.8 2. 7 34. 4 13. l 24.6 1.1. l 60 . 2 
!121 
JN,I 4 , 62 .06 • 91 .84 • .13 • J9 1.4 16 I + 
2.1.6 2.1 J).) 34.6 22. 8 16 .8 bO. 4 
, .. A • I d . 06 • 95 .so .49 • 28 1.4 lb5 t 20 
JU.I 2. 4 16.• l0.9 22.6 12. 9 64.1 
I\Al A .11 .07 • 86 .84 . 12 • JI l.4 lb! + 10 
JO. J 2. 8 JJ. 9 JJ. l 22 . 6 16.1 61. l 
AP• •• o .07 • di , 94 • Id I. JJ l.46 lib + lJ 
l9.9 2 .6 JLI H.l 24. l 1 J . 9 U.6 
KAY • . 19 .0 1 • 89 .90 .60 .40 1.46 119 + 
29. 8 2.6 Jl.6 )4 .0 24.4 l b . J 19.4 
• • d l .07 .81 .89 .19 . 41 1. 10 l dl + 
ll .4 2.8 12. 2 JJ.7 2).6 lb.4 60 .0 
JUL • • 19 .01 .di .88 .60 .49 1.48 181 
JO. J 2.b ll.4 JJ. 7 21. 4 19.1 17.b 
AUC • . 80 .06 • 87 • !) • b) • 44 1.44 181 . + 
29.9 2. 4 )2.1 )).0 2.1.1 17.1 17.4 
sd· A 
.11 
·°" 
.,2 
.Ill • 56 • 7l I.Id 171 
}U.O 2., JI.! ll.6 22. 9 29, O 4b. l 
OCT • .. , .01 .08 • • 1 .10 .17 l. 0 1 141 
)).1 J.2 JJ.0 )Ll.l 2). b 2b. 9 49 . 5 
A .II . 01 .44 .12 • 40 .49 .95 121 - 14 
}4. 9 4. 2 21.9 JJ. 0 21. 7 2o. 6 Sl.b 
DLL • .12 .01 • 11 .49 • 36 .12 . 92 12H 
l8.l , .o I.I 2(,.4 20 . 0 2d,9 H.u 
191) HUN A 
.11 .01 • bl . ,. 
. 5) . ll l. l) lbl. l 
)0,9 ).0 12.b 11.1 23 . 4 p,:, s Sli . 2 
.. . ,. l.l) 4 .92 I 78 4.50 l4 . & . "" 
A • • baulut.e •1a0unt in aeq /l 
.. rcl,.ctvc a.-.:Junt •• cqulvale.nt l 01 total ca liona o r- _.ll lona 
l.11 lor1ae f lJurea fo , l>jl.! o cn • tn~d by J tffer-enc e 
C: •L lon.•fl 10Clli •• L 
. 2.23 
important when considering the ef f ects of~ ater i mpoundment on organisms 
downstream from the daJn, For example, therma l influences can be detected 
in the Murray River some 100km downstream from Lake Hume (Walker, personal 
communication). However, in practice, gross effects of impoundment such 
as changes in rate and pattern of stream flow would probably overwhelm 
more subtle thermal effects. 
The sediments accounted for approximately 40% of the total heat 
storage during 1972-73. This proportion is high when compared with 
observations on lakes of similar depth - Lake Beloye, USSR (z = 4.15m) 
24 %; Tub Lake, USA (z = 3.6m) 11 %; Stewart 1·s Dark Lake, USA (i = 4.3m) 
9% (Likens and Johnson 1969). 
The estimate for LBG app ears to be clo ser to that for shallower 
lakes - Lake llula, Israel (z = 1.7m) 38% (Neuman 1953) and Lake Werowrap, 
Australia (z = 1.35m) 42% (Walker 1973). In both cases the Qm was 
estimated by a sin function modified by assumptions regarding the thermal 
capacity and diffusivity of the s ediments (\ a lker 1973). From these data 
it would s eem that the s ediment heat budget for LBG may be an overestimate. 
Certainly the water heat budget i s slightly under estimated, in that the 
actua l range of mean water t emper ature was greater than tha t reflected 
by mean t emper atur e at the ends of cal endar months (the data used to 
ca l culat e Q0 , llowever, 1n t l e ab s enc e of effective th erma l s tratificat ion 
Ln th e wa t (:;r body , hea t t r ansfer to the s edirrl(..:nt wa s maximal. The mov e-
ment of wat er through the l ake (as i n Lake llula) ~;ou ld al so t end to 
incr ease l eat f l uxes across th e sediment sur faces . This vi ew is supported 
by the f act t hat the h at budge t f or sediment s i n 1973 was pos itive 
(+ ~99 5 ca l crn- 2 ) \-.r hich may be exp lained in part by the considerabl e 
I-
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influx of heat from th inflowing wa ters during flu shes, towards the end 
of that year. 
The effect of turbidity on energy fluxes in a lake is poorly 
understood. Increases in the quantity of suspended matter would probably 
affect energy fluxes by increasing backscattering , decreasing depth of 
radiation penetration, and alter the degree of conformity to black-body 
behaviour. It seems likely that these changes would reduce the amount of 
energy r e t ai ned by the l ake water. Because of the relative amounts of 
energy involved , backscattering is probably the major effect of turbidity . 
The role of suspended abiogenic materia l in fre sh water systems 
appears to be poorly understood, although it is probably an important 
aspect of the impac of man~s activi ties . In addition to studies on 
the chemica l dynamics associated with suspended matter,an investigation of 
its affect on energy dynamics might also prove fruitfu l. Considerable 
information could be gained from quite simp l e experiments manipulating 
manageable con t ainers of water (e.g. small s~vimming pools). 
* 
2.5 CHEMISTRY 
2.51 Major ionic chemistry 
Data on maJor ion concentrations were obtained from routine 
water analyses carried out by the Department of the Capital Territory. 
The results are presented in Table 2.6. Although the ionic balance is 
excessive on a few occasions the data are thought to present a reasonable 
summary of the ionic proportions in LBG during the study. 
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The ionic order of dominance is not clear-cut. It can be 
expressed as Ca, Mg, Na>K: HC0 3>Cl>S0 4which is not the usual order for 
Australian freshwater (Williams 1967}. Amongst the freshwater bodies 
examined in New South Wales, Warragamba Dam appears to be the closest in 
maJor ion chemistry; 31, 28, 38, 3 : 49, 43,8% in the order listed above 
(Williams 1967). 
The dominance of divalent elements among the cations is quite 
marked, although the reason is not clear. 
2.52 Routine Analyses 
Regular measurements were made of the following parameters: 
* dissolved phosphorus -P, total P, dissolved inorganic N, dissolved Si 
(molybdate reactive) dissolved total alkalinity, total hardness, dissolved 
CO2 and 02 and pH. 
Samples taken in conjunction with primary production measurements 
Hereafter refers to molybdate-reactive Pin filtered samples, also 
referred to as filterable-P. 
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were from three depths - 0.1, 1.0 and 6m. Samples of tributary waters 
were collected at intervals of 2 - 3 weeks from about .2m below the surface. 
Whenever possible the logistics of sampling were kept consistent: 
pH, dissolved CO2 and total alkalinity were determined immediately on return 
to the laboratory (usually within 1 hour of sampling). Part of the remain-
ing water was then filtered and the filtrate tested for orthophosphate, 
Nitrate, Si and Zn (after acidification with HCl). These analyses were 
usually completed within 12 hours. Total P was determined for unfiltered 
samples within 2 days of collection (samples being refrigerated in the 
interim). 
An exception to the above routine occurred for samples taken in 
March, April and early May 1973. Dissolved CO2, pH, total alkalinity and 
Zn were determined as usual after which samples were frozen and stored: 
the remainder of the analyses being performed in May. To minimise the 
problem of uncontrolled "drift" in the composition of samples mixed 
standards for P, N, Si (SOppm and Sppm) were frozen with the water samples. 
The following is a brief description of the analytical procedures 
used: 
Phosphorus exists in a number of forms in freshwater: 1on1c 
P04 (orthophosphate) orthophosphate adsorbed onto inorganic and organic 
particles, insoluble inorganic phosphorus compounds in suspension. 
Prior to analysis for phosphorus, samples were treated in one of 
two ways. The first treatment was filtration through millipore filter 
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(mean pore size .4Sµm) which had been washed with distilled water. The 
second treatment was digestion of an unfiltered sample using H2 S0 4 
and K2 S20e in the method described in Taras et al. (1971, p.526). 
Samples were autoclaved for 1 hour at 3 kPa. Standards for this treat-
ment were processed in the same way. 
For both treatments the amount of phosphorus present was 
measured using the stannous chloride method (Taras et al. 1971). Hach 
reagents were used. 
Recently there has been considerable discussion regarding the 
chemical analysis of phosphorus in freshwater. The discussion has been 
complicated by two factors - it is not clear what fraction of the phos-
phorus present reacts to form molybdophosphoric acid in the case of 
filtered samples and insufficient is known about the availability of 
different phosphorus species to phytoplankton. The filtered fraction of 
the sample probably contains, in addition to 1on1c orthophosphate, 
several other species of inorganic P (Rigler 1968) and P bound in small 
organic molecules as well as that attached to small inorganic and organic 
particles (fine clay and "chelates"). Phosphates form very strong and 
., 
stable bonds (Swartzen-Allen and Matijevic 1974) and it is to be expected 
that a considerable proportion of the total phosphorus will be bound to 
suspended particles some of which will be able to pass through the membrane 
filters. For the moment there appears to be no alternative but to 
designate this fraction "filterable phosphorus" as there are no grounds 
for defining closely either the chemical species involved nor their 
availability to phytoplankton (Rigler 1968). In this respect total 
phosphorus may be the more useful measurement; it is less subject to 
changes 1n chemical speciation and since phosphorus is a "conservative" 
element in aquatic ecosystems an estimate of the total amount in the 
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system at any time 1s meaningful . Further, evidence is gradually 
accumulating to indicate that phytop lankton speci s may be able to 
utilize a variable number of forms of phosphorus, depending on their 
chemical environment and immediate history ~-{ealey 1973) . All this points 
to total -P being a more generally useful measure. 
The stannous chloride method is sensitive to low concentrations 
of phosphorus but is subject to interference. The 1nost important is silica, 
present in most freshwaters at significant concentrations. This interference 
is minimised by keeping sampl es cool. The analyses presented here were all 
· d 1 b 1 20°c. carrie out on samp es e ow Other elements also interfere with the 
method (Al, Fe(III), Mg, Ca, heavy metals, N0 3 , No;, so;, so;, pyrophos-
phate, and molybdate) but these occur in LBG at greatly lower conce11trat-
ions than would interfere with the analyses (Taras et al . 1971). Glassware 
used in all phosphorus analyses, was soaked in dilute HCl overnight (20 
hours approximately), Care was taken to avoid variations in the colour 
development time between the addition of reagents an d colorimetery, 
Total Alkalinity was determined by titration with 0.05 N l~l 
(Goltennan aJld Clymo 1969) to a pH end point of 4.6. 
Dissolved CO 2 was determined by titrating a sample with NaOH, 
using phenolphthalein as an indicator (i.e. pH= 8.3) . As pH of the lake 
nev r exce <led 8.2, the total inorganic carbon concentration, necessary for 
interpretation of carbon-14 results, was deri d from the sum of Total 
Alkalinity arid dissolved CO 2 ajjusted for conductivity. pH was measured 
in the l aboratory using a To nson pH meter. 
it10 en as dis solved nitrate - (nitrate+ nitrite) , was measured 
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in sampl s filtered through 0.45 µm Mill ipo e filters . Concentration was 
determined by th cadmium r eduction method, 1sing the Hach reagents . 
Samples were kept belo\ 20° c during analysis and standar ds were maintained 
at the same temp ratur . Some nitrate may have be n bound to suspended 
matter in the ater samples, although this ion prob bly forms much l ess 
... 
stable bonds than does phosphate (Swartzen-Allen and Mati jevic 1974) , and 
this is not likely to be a signi fi cant proportion. 
Occasiona l tests for nitrogen in the form of dissolved ammonia, 
using a Nesslerization me thod (Taras et al. 1971) , were never positive . 
This imp l i s that ammonia nitrogen d i d not exceed ca. 100 µgl- 1 • Total 
nitrogen (organic+ inorganic) ¼as not measured. 
Silica concentrations 1n f i ltered water were measured using the 
h~teropoly b ue nethod (Taras et al . 1971; p. 306 ef). Acid washed glass-
' are was us d throughout and san~les were not permitted to stand in glass 
containers prior to analys i s. With t his method interference may come from 
turbidity or water colour (although phosphate also reac t s with t he reagents, 
irterference ron1 this source i s eliminated by the addition of oxalic acid). 
Zinc concentrations, ere measured in both fi lter ,d and unfiltered 
samples by atomic absorption flarne photometry using a Technicon Atomic 
Absorption --.,pectropl otorn ter . S·mp les w re a idifiE-d with Cl (to pl!> 2 .5) 
prior to analysis. It is important t o ana lyse unfiltered samp les soon 
after acidjfi ation to a oid considerable unlcrcsti1nate of zinc oncentration. 
Tl e reason for this 1s not knO\-m but it appears to be coincident with the 
settlir g out of su~pended matter fo llo~i1Lg acidi ication. Possibly the 
undcrcstir at1..; .results from the failure to atom·z.e zlnc trapped by the form-
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tion of la , ge s e<li1 en t particles . This ou <l oc u through changes 1 n 
s rface harge or by the collap~e of lattice _tructures which may be 
induced b · excess hydrogen ions (S\vartzen-All n nd .la ti j 1 1974). 
Chemical data ass ociat d wi t h productivity measurements are 
present ed in Figure 2.9 . Al t hougl1 measurements were made at several 
depths , the ,ater column was homogeneous in a lmost every respect. Data 
for O.lm depth and near the bottom ar e presented in ins t ances when there 
~as a consistent difference betveen t hese sites . 
2.53 Nutrient Budgets 
Analyses of the Molonglo River, Sulli an's Creek (stormwater 
inflow) and LBG near Scrivener Dam , were used in conjunction wi t h the 
water budget (S ction 2.3 , Table 2 . 4) to calculate "nut r ient'' budgets 
for inorganic nitrogen , to t a l and or t hophosphat e - phosphorus , and zinc . 
Results are presented 1n Tables 2.7, 2 .8, 2.9 , 2.10. 
Concentrations used to alculate input and output from rivers 
\ er · measured i.11 \vater S ' mples taken 5-lOcm belm the surface in the 
~1olonglo Ri er at its entrance to LBG and in the lake 5Om above Scrivener 
Dam. Sanples i,..erc tak n at th'O to thTee \ c k inter ·als . Stormwater 
inputs were estimated using similar samp l es taken in Sulli an•s Creek. 
To mini11ise errors introduced by infr quency of sampling combine 
with ariable l o\ rates, weigh~l mean concentrations were used to 
ca 1 cu 1 t c n on th 1 y in p u t and output vi a the Io 1 o 1. g lo . Th a t 1 s , h c n n 
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Table 2 .7 Monthly Budget for Total Phosphorus in Lake Burley Griffin 1972-73 (Kg) 
MONTI-iLY INPUT FROM: OUTPUT AT: BALANCE 
mNTH Rivers* Stormwater Rain Total Scrivener Dam 
JAN 411 241 3 655 401 254 
FEB 1423 126 1 1550 1234 316 
MAR 576 95 1 672 290 382 
APR 229 85 1 315 103 212 
MAY 396 103 1 500 472 28 
JUN 261 34 0 295 136 159 
JUL 250 35 0 285 89 196 
AUG 471 172 3 646 211 435 
SEP 405 so 0 455 142 313 
OCT 165 152 2 319 65 254 
NOV 609 220 3 832 168 664 
DEC 60 22 0 82 25 57 
JAN 22 142 2 166 10 i56 
FEB 640 354 5 999 495 504 
MAR 125 144 2 271 100 171 
APR 61 38 0 99 28 71 
MAY 314 167 2 483 308 175 
JUN 207 117 1 325 155 170 
JUL 820 181 2 1003 444 559 
AUG 1188 227 2 1417 645 772 
SEP 2654 149 2 2805 2052 753 
OCT 1541 301 4 1846 1757 89 
NOV 1844 297 4 2145 2566 -421 
DEC 366 114 2 482 418 64 
1972 
Total 5256 1335 15 6606 3336 3270 
Wt-Ave . 1 .247 0.005 .108 .061 
1973 
Total 9782 2231 28 12041 8978 3063 
Wt-Ave .098 .237 0.005 .105 .084 
1972-73 
Total 15038 3566 43 1864 7 12314 6333 
Wt-Av e .099 .241 0.005 .106 .076 
*Calculated from Water input from Molonglo River plus Jerrabomberra Creek , us ing phosphorus analysis for Molonglo 
only. 
_ ,··~--- -~ 
'fable 2. 8 Monthly Budget for Nitrate Nitrogen in Lake Burley Griffin 1972-73 {Kg) 
MONTiiLY INPITT FROM: OITTPITT AT: BALANCE 
l,()NTii Rivers* Stormwater Rain Total Scrivener Dam 
JAN 257 483 51 791 166 625 
FEB 1157 193 23 1373 588 785 
MAR 498 104 17 619 294 325 
APR 143 129 16 288 119 169 
MAY 279 140 22 441 129 312 
JUN 130 43 8 181 48 133 
JUL 184 33 4 221 72 149 
AUG 144 328 42 514 107 407 
SEP 225 45 7 277 66 211 
OCT 79 192 31 302 47 255 
NOY 336 274 40 650 67 583 
DEC 35 17 2 54 20 34 
JAN 7 121 38 166 3 163 
FEB 1052 784 73 1909 93 1816 
MAR 77 232 28 337 31 306 
APR 79 so 6 135 20 llS 
MAY 595 333 36 964 132 832 
JUN 360 169 21 550 46 504 
JUL 1121 355 38 1514 lll 1403 
AUG 2160 368 36 2564 252 2312 
SEP 3068 301 34 3403 612 2791 
OCT 2389 460 60 2909 669 2240 
NOV 2320 483 63 2866 3477 -611 
DEC 245 164 26 435 512 -77 
1972 
Total 3467 1981 263 57ll 1723 3988 
Wt-Ave .066 .367 .08 .093 .032 
1973 
Total 13473 3810 459 17752 5958 ll794 
Wt-Ave .135 .406 .08 .154 .056 
1972-73 
Total 16940 5801 722 23463 7681 15782 
Wt -Ave .111 .391 .08 .133 .047 
• Cah.ulated fr ou, water input from Molonglo River p lus Jerrabomberra Creek, using Nitrogen analyses for 
Molonglo only. 
Table 2.9 Monthly Budget for Total Zinc in Lake Burley Griffin 1972-73 (Kg) 
INPlIT FROM: OlITPITT FROM: BALANCE MONTH 
Molonglo River Scrivener Dam 
JAN 165 120 45 
FEB 2542 1215 1327 
MAR 1095 460 635 
APR 419 131 288 
MAY 279 117 162 
JUN 182 73 109 
JUL 255 101 154 
Al.JG 251 94 157 
SEP 246 36 210 
OCT 31 67 
-36 
NOV 64 205 
-141 
DEC 15 24 
-9 
JAN 10 2 8 
FEB 640 37 603 
MAR 55 19 36 
APR 3,8 75 
-37 
MAY 289 255 64 
JUN 106 82 24 
JUL 1630 129 1501 
AUG 6435 3857 2578 
SEP 8883 276 8607 
OCT 2928 920 2008 
NOV 6071 2285 3786 
Df:C 491 391 100 
1972 
Total 5544 2643 2901 
Wt-Ave 
.1 06 
.048 
1973 
Total 27576 8298 19278 
Wt-Ave 
.276 
.077 
1972-73 
Total 33120 10941 22179 
~t- Ave 
.2 17 .068 
---=--=----------=----------=---=----_-_-_--=----_-_-_-_-_-_-_--=----_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_--=-----=----_-_-_-_-_-_-_-_-_-_-_-_-
1able 2 . 10 Monthly Budget for Filterable lnorgan1c Phosphorus in Lake Burley Grif fin 19 72-73 (~g) 
MO TH MONTHLY JN PlJr FROM: OITTPlJr AT : BALMCL 
Rivers• Stonnwater R,nn 1 ota l Scrivener Ui.lm 
JAN 102 23 1 3 336 8b 250 
FLB 24 7 72 320 190 130 
MAR 114 77 192 50 142 
APR 39 62 102 16 8b 
MAY 51 88 14 0 65 75 
JUN 49 30 0 79 40 39 
JUL 
-18 32 0 80 21 59 
AUG 76 156 3 235 31 20 4 
Sl:.P 77 51 0 128 24 104 
OCT 24 13 2 2 158 15 1-U 
t-.OV 79 187 2 268 34 234 
UEC 10 25 0 35 b 29 
JAf, 4 9:? 2 98 97 
FLB lb3 485 5 G53 111 54 2 
MAR 23 110 2 13 5 ls 120 
APR 13 32 0 45 7 3b 
MAY 58 164 2 224 5S lb 9 
JU 32 109 14 2 22 120 
JUL 127 147 2 276 99 177 
AUG 103 167 2 272 111 161 
SEP 179 OJ 2 382 197 18 5 
T 11 6 330 4 450 184 2bb 
NO\' 238 317 4 559 364 19 5 
DEC 52 1 I 7 2 l 7 l 58 l l 3 
1972 
TOTAL 916 114 3 16 2075 578 14 9 7 
nT-AV[ 
.017 .2 12 .005 .034 . 01 1 
1973 
1OTAL 1108 2271 29 3408 12 4 21 H-1 
111-AV[ . 011 . 24 1 .005 .ll3 .011 
1972-73 
lOTAL 2024 3414 45 S-1b3 l bl) 2 3t,8 l 
\IT -A\L .013 .23 .005 . Ll3 I . Ul l 
Calculated frorr \\ atc r input from Molonglo River pluc, JerrJbombc rr J Crld. , u~11,g anJl)Sl'S for ~lul cng l o only. 
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samples were tak n in any month mean concentration was calculated from 
c = 
n 
[ 
i =l 
C. F. 
1 1 
n 
I E 
i = 1 
F. 
l 
where C = Concentration (ppm) 
F = flow rate for day of sample (Ml) 
The same procedure was not pos sible for stormwater inputs , due to the lack 
of daily flow measurements . Stormwater enters the lake in the form of 
short duration pulses with extremely low flow rates at other times . The 
extensive rra rophyte-periphyte growth in the lower reaches of Sullivan's 
Creek help to reduce the concentration of nutrients during low flowrate 
periods but have little effect (excep t pos sib ly, to add to organically 
bound nutri nts) during flash floods . For this reason nutrient concen-
trations were measured · approximat e ly 1km upstream of the lake (and the 
weed beds) to minimise underestimates of nutri :nt load for months in 
which rain-induced flushes were not sampled. 
There are no data foT the chemical composition of rainfall in 
the area. In fact until recently there were no meas urements of phos-
phorus in rainfall in Australia. Some have been begun in late 1973 by 
the Victorian Department of Agriculture. Guided by observations in other 
part s of the world (Likens 1972) and in the absence of artificial inputs 
(e . g . heavy indLstry, aerial application of fertilizer in the vicinity) 
a nie;an coHcentration of . . OOSpprn for totc.11 and ortho- phospr ate is 
assuuied. 
Tl e only l: uivalent estim~te of nitrate- av· ilable for AustraJ ia 
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are measurements carried out by Wetselaar and Hutton (1963). The 
weighted mean concentration in 43 samples of rainwater was 0,08 ppm, 
This has be en used in calculating the nitrogen budget, Zinc from sources 
other than the Molonglo River is ignored as their natural "trace" levels 
have no significance compared with the polluted Mo longlo, 
Predictably the concentrations of N and Pat the primary 
production study site (near the centre of the lake) reflect changes in 
the overall budget for these elements. The relationship of these 
concentrations to primary production will be discussed in Section 3 1 but 
other useful information can be gained from the nutrient budgets. Firstly, 
a considerably smaller amoun t of all three elements is leaving the lake 
than 1s flmving in. The observation i s of uncertain significance in the 
case of nitrogen , since this element can escape from the system in the 
form of ammonia gas , Also dissolved nitrogen gas and organic nitrogen 
(including ammonia, dissolved, and parti culate organic nitrogen compounds) 
are not measured , Finally the rat e of input via the fixation of nitrogen 
gas by bacteria and algae (Cyanophyceae) has not been determined. 
In the c · se of total phosphorus, however, the <lifference 
between input and output 1s assumed to be a reliable estimate of the 
rate at which the element i.s building up 1n the system - presumably in 
the sediments. On average over 1972-73, the total phosphorus leaving the 
system in out-flm ing, ater was 66% of the amount entering, The equiv-
alent st tistic for filterable-P 1s 32%, indjcating that a higher 
proportion of the phosphorus leaving the system is organically bound than 
is the case for incoming phosphoru5, Either organic utilization of 
i1 organic phosphorus is proceeding ·tt a greater rate than is the mineral-
ization of organic pl1osphorus by decomposers, or inorganic phosphorus 
1s accumulated preferentially in the system. The imbalance appears 
to be greater during periods of low phosphorus input (e.g, Nov . 72 -
Jan, 73 se Table 2 ,7) 1 supporting the former explanation . 
2.54 Trophic Status 
The chemical composition of the lake water is an extremely 
important component of the physical environment in a lake ecosystem. 
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Ready availability of all plant nutrients is a necessary (though not 
sufficient) condition for the d velopment and maintenance of a balanced 
ecological system . Availability of plant nutrients implies not only that 
they be present in a usable form at sufficient concentrations but that 
their rate of supply be sufficient to maintain those concentrations. 
Supply is governed by two main fac tors in a lake: the rate of turnover 
within the system (Hutchinson 1969) - both biotic and abiotic, and the 
rate of input from outside the lake . The relative importance of these two 
factors d pends considerably on the morpholo gy and hydrology of tl1e lake. 
In deep natural lakes turnover probably controls supply, whilst in, e.g. 
shallow reservoirs with short water replacement times, inflowing waters 
probably contribute most . It foll ows that in order to interpret plant 
nutrients in a lake ecosystem thoroughly it is desirable to have measure-
ments of concentrations (biotic and abiotic) and also nutrient budget 
estimates. 
'lropl ic status , particularly the d elopment of eut1'1ophication , 
has become the subject of a large (and sometim s confused) literature in 
r cent y ars. Therefore its ems useful to attempt to clarify the use 
"trophic status - t rminology" in the following discussion of LBG. 
The word "trophic" either alone or as a suffix has been 
adapted lide ly in ecological literature. Such usages as auto trophic., 
eutr ophic., trophic-dynami c (Linde man 1942), trophic equilibrium and 
ideotrophic (Hutchinson 194 1) wril st acknowledging its derivation from 
the Greek (trophein ., to nourish), imply an array of subtle differences 
. . in meaning . 
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"Trophic s tatus" has been us ed recently to describe properties of 
lakes which range from near synonymity with "ferti lity" (e.g. Vollenweider 
1968), to "productivity" (e.g. Rodhe 1969) . Although these two usages 
are often identical in practice, there i s a difference in that whilst 
"productive" lakes are always "fert ile", the reverse need not apply. 
The fertility context of trophic status may be more useful in discussing 
water quality managemen t since it refers to the potential (e.g. for algal 
blooms) rather than the actual conditions. In the remainder of this sec-
tion, trophic status is used in the s ense of Vollenweider (1968) - namely 
tha t trophic status is determined by the amou11t of plant nutrients and 
that factors such as algal biomass (as well as water chemistry) may be 
used as indicat ors of trophic status. Tl1is is a long way from a rigorous 
definition. 
Accepting that trophic sta tus is an expression of fer tility, it 
follows that a chemica l assessment should be the most direct and reliable 
means of its assessment. However, rigorous m01 i taring of al 1 the elements 
nee ssary to plant gro\ th , ould be a considerable task . A more realistic 
compromis 1s to concentrate on one or two lements, preferably after 
ch king thnt no others are in obvious short supply . The legitimacy of 
this approach d p nds to a large xtent on the validity of the "limiting 
l· 
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factor" principle in plant nutrition (Liebig 1 s Law of the Minimum). No 
doubt this view is an oversimplification of ecological reality, but it 
can be demonstrated amply that the addition of some elements to fresh 
water increases biological production considerably. 
The general technique for assessing potential limiting nutrients 
1s by laboratory bioassay using field samples. It is important to note 
that although the results of laboratory bioassays may be expressed 1n 
terms of productivity, the technique on its own refers to fertility (or 
potential for production) only. Actual productivity in the field may be 
controlled by other, non-nutritional, factors. 
From bioassays, a large number of elements have been demonstrated 
to increase production in various freshwaters. These include trace elem-
ents (e.g. Benoit 1957; Goldman 1960), vitamins (Provasoli 1958) as well 
as phosphorus (Maloney et al. 1972) and nitrogen (Vollenweider 1968). Thus 
it is difficult to predict what element will restrict production 1n part-
icular cases. Also increasing the amount of a limiting nutrient will 
eventually produce a situation in which some other element will restrict 
biological activity. The identity of this element and the concentration 
at which it "takes over" as limiting nutrient is also relevant but diff-
icult to determine. Finally, all the elements in fresh water exist in 
dynamic equilibrium. It is impossible to change the concentration of one 
element \ithout influencing the speciation (and hence availability) of many 
others. Again, such changes are difficult to identify or predict. 
Phosphorus is of particular interest in efforts to manipulate 
trophic state, because major proportions of phosphorus inputs to a system 
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are often from point sources (e.g. Sewage outflo s) . Thus, even if 
phosphorus is not limiting production in a giv n utrophic situation, it 
can be made to be tl1e limiting factor by controlling release at the point 
source. Even apar t from this, phosphorus and, to a lesser extent, nitrogen 
most often are the elements which control production in lakes (Edmondson 
1968). 
Vallentyne (1973) has provided a possible reason for this situation. 
By estimating demand as the amount of an element required for a doubling of 
plant material and comparing this with the world average concentration of 
that element in fresh water, he was abl e to carry out a "supply and demand 
analysis" for 19 essential plant nutrients in freshwater. It showed that 
phosphorus was the element most "under-supplied" (demand exceeding supply 
by a factor of 80,000) followed by nitrogen (30,000), carbon (5,000), 
silica (2,000) and potassium (1,300). Whilst these figures ignore such 
factors as variations in requirements, concentration efficiency and re-
cycling time, they provide further argument for treating phosphorus and 
nitrogen as likely limiting factors in any inv stigation of trophic status. 
Laboratory trials using water from LBG (see Table 2.7) showed 
that added pl ospl1orus increased the growth of algae whilst nitrog n had 
no consistent effect. it should be not ed , however, that growth rate in 
the laboratory contro l s exceeded that in the field during th same period. 
This implies that phytoplankton in the \vater samples , kept at approximately 
lake temp~rature and in natural daylight, \ ere released from some limiting 
factor by being taken from the lak an<l kept in the laboratory. Improve-
ment in light regime or some chemical or biological effect of enclosure 1n 
small flasks (e.g. adsorption of Zn, bacterial activity) seem the most 
Table 2.7 
A 
Treatment 
Control 
Bioassays using 500ml water san~les from LBG 
Bioassay using sample collected 17 December 1972. Initial 
-1 chlorophyll a concentrations= 7.3 g 1 
Number of Chlorophyll a Measured after 10 days: 
Samples Mean Cone. % increase 
(S.E.)µg 1- 1 
3 8.50(0.22) 16.4 
+ 2.5 mg 1-lp 
as Na H2P04 5 13.95(0.68) 91. 1 · 
+ 5 mg l- 1N 
as Na N03 5 8.83(0.51) 20.9 
Sample collected 
on day 10 1 6.78 
-7.1 
B Bioassay using sample collected 9 March 1974. Initial 
chlorophyll a concentration= 5.8µg 1- 1 
Treatment Number of Chlorophyll a Measured after 14 days: 
Samples Mean Cone. % increase 
µg 1-1 
Control 2 6.84,6.98 17.8,20.3 
+Medium* less p + N 2 7.04,7.38 21.4,27.2 
+Medium less p 2 7.02,7.63 21.0,31.6 
+Medium less N 2 10.77,11.52 85.8,98.6 
+Mediwn 2 11.85,12.09 104.2,108.6 
LBG Sample, Day 12 1 4.57 
-20.7 
* Sufficient mediwn concentrates added to make up 500ml of standard 
medium. 
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l ike ly expl anations . 
In ~larch 1974 a further bioassay was carried out using water from 
LBG . This time a "complete" nutrient solution, based on a culture medium 
devised by Moss (1972) , and from whi ch phosphorus and nitrogen was omitted, 
prov ided a check that deficienci es of other elements were not involved in 
l imi ting biological activi ty. Some increase in chlorophyll was observed 
but it was l ess than that produced by the addition of phosphorus or phos-
phorus plus nitrogen. It was probab ly caused by an increase in the 
avai l ability of the "natura l " phosphorus (e.g . by stimulatin r; mineralization 
of organic phosphorus) or an improvement in the algae 's ability to extract 
the available phosphorus , stimulated by increases in another element . Pear-
sall (1932) noted that added phosphorus could increase the uptake of silica 
at very low concentrations (or at least allow the organi sms to survive 
longer at low concentrations, which would have the same effect). 
From th se pi l ot studies in t he laboratory and the foregoing 
discussion, it is evident that phosphorus is the element mo5t likely to 
be brought into short supp l y by biologi.cal activity in LBG. There is some 
evidence that nitrogen may limit production during some periods or if 
phosphorus corn.: en tra tions wer e j ncreased considerab ly. 
Assuning this to be the case it is now possible to assess the 
trophic status of LBG using measur ment s of phosphorus supply . There are 
s veral ways of e aluating supply. The fir st and rrost obvious is to 
monitor th phosphorus ·oncentration in the lak ater . These data give 
estimates of th amoun t of phosphorus availabl for uptake by organisms 
(dissol ed pl osphorus) or circul ating through tl1e organic and inorganic 
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components of tie sys t m (total phosphorus) in the ~ater at that time. 
This approach, applied over a period can give valuable information 
regarding trophic status, particularly regarding seasonal variability 
(Figure 2.9a), and the degree to which phosphorus is being utilised. 
However it l argely ignores two major con~onents of a lake ecosystem, 
the catchment and the s diments. 
By directing attention to the amoun t of phosphorus entering a 
lake in a gi en period, the "loading" approach takes account of the 
contribution of the catchment to a lake's trophic status, and provides 
long-term estimates of its potentia l for biological production. 
In order to make comparisons between lakes on the bases of 
nutrient loading it 1s necessary to allow for differences 1n morphometry. 
Edmondson (1961) expressed load in terms of lale volume. This facilitated 
consideration of dilution effects - of particular importance when nutrients 
come from low olume high concentration sources. The other approach, 
follo\ ed by Vollenweider (1968) is to express loading per unit of lake 
surface - th e "specific surface loading". Vollenweider ties this closely 
to lake morp!tometry in synthesising a relationship between surface 
loading (of total phosphorus) and me an depth as an indicator of trophic 
s t ate (Fig. 17, Vollenweid r 1968) . Twenty-one observations of annual 
surface loadings of total-P for 19 Northern llernisph ere lakes ere plotted 
(on log/log scale) agains t mean depth. InteTfaces between trophic categ-
ories ere stablisl1ed empirically by dra ing lines which divided thos e 
la}-es deemed by their observers (presumably on a variety of biological 
crit ria) to be: utrophic and those de(;ne;d ologotropric from the remaining, 
intermediate (rnesotrophjc) group. 
Figure 2 , 10 present s Voll enwe ider's original data plus measure -
ments from additional lakes (Dillon 19 74) plotted on untransformed axes. 
The lines dividing categorie s of troph ic status are cur es fitted to 
Vollen-.reider's estimates of permissibl e and dangerous loading levels 
of total-P (Table 4-6, Vollenweider 1968), 
Th e equations describing thes e lines are : 
SL = -2,2505 + 0.4993 Log cz + 100) p e 
SLd = -4.5299 + 1.0039 Log cz + 100) e 
where SL = permissib le annual surface l oading of total-P p 
(g,m -2 -1 yr ) 
SLd = dangerous annual surface loading of total ... P and 
z = mean depth of lake 
SLP and SLd can be considered t o approximat e the upper limits 
of oligotrophy and mesotrophy re spectively. 
The f ac t th at both limits incre ase with mean depth is to be 
expected , as an increment in mean depth represents an incTease 1n the 
volume of wat er below a unjt of surface area , Tesulting i n a decrease 
in th e phosphorus concentrat ion represented by a given surface loading, 
Productivity at a given time (potentia l or actual) 1s likely to be 
r elated to nutrient conce~tPation , 
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Using ol lL:rn ej der ' s methods and data it is possible to calculat e 
permissible anJ dangerous annu 1 volume loading \vhich ould accoun t for 
effects of concentration (see Figure 2 , 11 ) the expressions for i,hich are : 
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Figure 2.10 Permissible and dangerous surface loadings of total-P 
(lines; see text for explanation). Points represent 
values for lakes reported by Vollenweider (1968) and 
Dillon (1974) . 
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Fig. 2.11 Permissible and dangerous volume loadings of total-P 
( lines) ; see text for explanation). Points represent values for 
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,here VLP and VLd are the permissib le and dangerous annual volume 
loadings of tota l -P respectively. 
The fact that the four xpres sions (for surface and volume 
loadings) ar a ll non-linear indica tes that t ophi s tatus is not 
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related in a direct linear way to ei ther total phosphorus load or to 
concentration. The non-linear nature of the lines imply that variations 
in depth have effects on trophic s t a tus, b yond those related to volume 
differences. The effect may be explainable in t erms of light penetra tion. 
The greater t he mean depth of a lake , the smaller is that proportion of 
the total phosphorus present in the lake , which is in a zone of high 
productiv i ty (euphotic zone). \ 1ere the data avai l ab le, the inclusion 
of a term such as the ratio of Seccl1 i disc depth to mean depth, to 
replace mean dep th, or the expression of load pro ra ta of "euphotic 
volume" might improve the predictive value of the curves . However, as 
they stand, th e curves have provided r ealistic results when used pre-
dictively for a nwnber of lakes (see e. g . Schindler et a l.1971; Pa t a las 
and Salki 1973) . 
oll enw eider (1 973 quot ed in Di llon 1974) added further sophis-
tication to the technique by incorporating water renewal time in his cal -
culations. Annua l s urface loading was plotted ~gains t mean d pth divided 
by \ ·a t e r r e n eh a 1 t i m (ye a r s ) . ( i . . SL again s t z / T ) . This sat is f j es , 
at l eas t in part , t he criticism of Edmondson (1970) that the surface load-
ing techniq_ue mad no a ll owance for mutually cancelljng variations 1n 
concentration and flm rate of influents . Tl · analysis method would 
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be easier to interpret in real t rms if the adjustment for mean \ater 
residence time (or flushing rate) was shifted to the ordinate of the graph, 
leaving z on the abscissa. This would then be equivalent to plotting, 
against mean depth, the areal phosphorus loading introduced by an amount 
of influent water equivalent to the lake's volume. Expressed this way, 
the advantage of the revised technique in comparing ~orphometrically 
different lakes is obvious. 
Dillon (1974) introduced one final refinement to Vollenweider's 
work by establishing the following expression: 
where 
SL (1 - R) / p 
SL= Annual surface loading (g.m- 2 .y-1) 
p = flushing rate (= inverse of mean residence time of water) 
(y-1) 
R = retention coefficient= 1 - ( E volume x P-concentration 
of discharge /E volume x P- concentration of inflow) 
In fact , this is a fairly complex means of calculating the 
difference between total input phosphorus minus total output phosphorus 
(i.e. the balance of the phosphorus budget) expressed as a surface loading. 
That is , (SL(in) - SL (out)). Thus simplified the relationship of this 
expression to the preceding ones becomes clearer. The earlier expressions 
assumed trat all phosphorus entering a lake was available for biotic 
utilization whereas the last expres~o~ as sumes that biological activity 
cannot influence the rate at which phosphorus es capes from a lake. 
Ignoring, for the moment , the role of s ediments, the truth must lie between 
the t\ o. 
The irst two types of expression of phosphorus inputs discus s ed 
above have all bend veloped as general indices of trophic status 
(the relationship of Dillon 's expresslon to trophic status has ye t to 
be quantified) . Table 2.11 r ates LBG according to each . The results 
indicat e that, in terms of phosphorus , LBG is b t, en upper rnesotrophic 
r 
and eu trophic . Because it is\ ell be low average in terms of mean depth 
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and w t er residence t ime the ind ices whi ch take these fac tors into account 
ar likely to be more reliable . For tha t reason and the fact that water 
residence times were atypicall y long in 1972-73, LBG can be considered as 
~ bordering bet\veen n esotrophic and eut rophic. 
It nrust be stressed again that thi s classification refers to the 
lake's fertility (or potential for product ivity) and does not take into 
account any non-nutritional factors\ hi ch depress product iv ity and thus 
limit the expression of this fertility . 
Data for nitrate (pl us nitri t e) nitrogen (referred t o hereafter 
as ni trate-N) have been processed and compared with simi lar trophic indices 
(Table 2 .11 ) . A contradiction is immediately apparent . Whil s t bioassays 
indicated that phosphorus rather than nitrogen as the most likely nutrient 
to l in1 it algal growth , th e t rophic stat us (as defined by Vol lenweider 
1968) of LBG c~lculated from nitratt-N data i s mos tly lower than tha t using 
phospl orus . \1alker (1973) suggested that trophic indices based on ni trate-N 
may be inappropr1at · , under Australiun conditions . LBG appears to provide 
further evidence o · thj s s i tua ti01 . 
Tl e plytoplankton of LBG (and other parts of Austral . a) is co -
posed mainly of ubjqujtou~ species and the rclati e abundance is not known 
to fa our nitro gen fixing species or tho se , 1ith particularly low nitrate-
r quirements . Uioassays of wattr rom L~G r n<l other Aus tralian lakes (e.g . 
Table 2.11 Evaluation of trophic status of LBG using indices derived from nutrient budgets. 
Parameter 
Annual Surfac 
(Total-P; g . rn 
Loading 
yr - l) 
AnnuaJ Surface Loading 
Allowing for water 
residence time (Total-P; 
g .m-2 yr-1) 
Annual Surface ~?adi~Y 
(N i trate-N; g.m z yr ) 
1972 
Per* Dan* 
0 . 07 0 .14 
+ + 0.2-0.25 0.4-0.5 
0 . 98 1.96 
Obs* Per 
0.94 0 . 072 
+ 0 . 94 0.95 
0.81 . 98 
1973 1972-73 
Dan Obs Per Dan 
0.14 1 . 71 0 . 72 0.14 
+ + + 2.0 1.71 0.5 0.95 
1.96 2.52 0.98 1.96 
Obs 
1.32 
1.32 
1.67 
* Permitted (= upper limit of oligotrophy) and Dangerous (= upper limit of rnesotrophy) limits , after Vollenweider 
(1968); observed values calculated from nutrient budget data for LBG. 
+ These values derived from Dillon (1974; Figure 2) using values of water residence time (in years) for LBG 
calculated from water budget: 0.542 (1972); 0.288 (1973); 0.376 (1972-73) . 
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Lake Hume, \ alk r personal corrununication ) shm a pattern which is familiar 
from Northern Hemisphere observations (e.g. Edmondson 1972). That is, 
added nitrogen has little biologica l effect unless i t is in conjunction 
with phosphorus enrichment. This l1as b en interpr~ted as demonstrating 
an interaction between nitrogen and phosphorus (Edmondson 1972) or that 
the addition of phosphorus has taken the nutritive value of the water to 
a level wheTe nitrogen becomes limiting. In either case a considerable 
reduction of nitrate-N concentrations (e.g. to near levels found in LBG) 
might be expected to lower the fertility of the water. 
Walker (personal communication) suggests that the most 
reasonable e.planation for the apparent contradiction may be that waters 
such as LBG provide an alternative source of nitrogen to phytoplankton. 
Organic nitrogen rn y be utilized possibly either directly, in a few 
ca~es Q-lealey 1973), or after degradation through urea to ammonium. However 
a distinctiv feature of LBG and 1 any other Australian inl and waters is 
their relatively high level of suspended mat rial . It is possible that 
these particl s form a reservoir for nitrate-N and ammonium ions, as well 
as ions of other nutrient elements. If this were the case, valuation of 
trophic status on the basis of the total chemical species of an element 
(e.g. total-P) iould not be affected , but that calculated from e.g. 
ni trate-N (or orthophosphate-P) would be w1d restimated. 
The cherni al conposition of Australian freshwaters is very 
variable (lilliams 1967) and oft 11 di ff rs considerably in terms of 1on1c 
proportions, from the freshwater Ladies of the Northern Ilemisphere 
(Williams ani \Ian 197 ). The situat ion with nitrate- , discussed above, 
highlights the aution which must b employed in t~ application in 
2 . 44 
Australia of e.g . water quality criteria developed for other situations 
(Hart 1974) . 
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2.6 GENERAL DISCUSSION AND CO CLUSION 
Brylinsky and Mann (1973) have demonstrated that the productivity 
of a lake can be predicted with moderate success from knowledge of its 
altitude and geographic position alone. If for no other reason, the fact 
that LBG is a shallow artificial impoundment of recent origin, in the 
Southern Hemisphere, might limit the value of applying the general 
regression equations of Brylinsky and Mann to this particular case. The 
preceding sections have detailed the physical and chemical limnology of 
LBG. It should be possible to derive from these data a more reliable 
evaluation of LBG as a physical environment for planktonic primary prod-
uction. The data also provide a -means of comparison with other lakes. 
The following brief description of the lake is presented with these dual 
aims in mind. 
The climate of LBG and its catchment is similar to that of many 
other temperate-zone lakes. It differs mainly , particularly from those in 
the northern hemisphere, 1n the greater variability of some climatic elem-
ents - notably rainfall. 
The lake is shallow and elongate along the reach of prevailing 
winds. Wind-generated turbulence is important in maintaining physical 
homogeneity, general throughout the lake. The same factors presumably 
1 elp to maintain the high level of abiogenic turbidity which, in turn, 
severely curtails light penetration . Turbidity also appears to increase 
the proportion of incident solar energy which is reflected or deflected 
("backscattered") from the lake; an important component of the lake's 
energy transactions. 
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Another notable aspect of energy transfer in LBG is the relative 
quantity of heat which enters and le aves the lake in flowing water. 
Although large, the quantities tend to ba l ance each other. However , there 
is a tendency for the fl owing water to add energy to the system during 
summer and remove energy in winter, slightly accentuat ing seasonal heat 
fluctuations. 
LBG is sufficiently rich in rnaJor nutr ients to support large 
phytoplankton communities. Addition of phosphorus al one in laboratory 
bioassay on lake \ ater samples , stimulated phytoplankton growth, whilst 
a proven 11utrient mixture (used successfully for algal culture - see Section 
5) with phosphorus omitted did not . This implies that phosphorus, though 
quite abundant in LBG, is the limiting nutrient (or the nutrient least in 
excess) for plytoplankton. The results also indicate that the growth of 
the phytoplankton species present in LBG is not limited by under-supply 
of any other nutrient ("major or minor"). 
Zinc is present in the lake at a level of over-supply which is 
potentially noxious at least to some organisms (i.e. in polluting quantiti s) . 
In an assessment of trophic status , based on nutrient supply, the problem 
arises of taking over -supply into account. In the present case little can 
b done, in the absence of details regardi ng the biological significance 
of the over-supply . This will b discussed in Section 5. 
In summary , the main abiotic features of LI3G are that it 1s 
shallow and tu bid witl1 a high rate of water throughput. Water temperatures 
xperience a large seasonal fluctuation (maxin1um range approximately 16°C 
during 197 2-73). No plant nutrient appears to be in short supply. On the 
basis of lev ls of total phosphorus the lake can be said to be marginally 
eutrophic. 
I· 
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ECTIO~ 3 PLANK!110NIC PRIMARY PRODUCTI ON 
3.1 INTRODUCTIO 
In thermodynami c t erms, a ll the ri t rJ_a for "l ife", for example 
grow th, reproduction , and maintenance of ordered structure , repr esent 
expenditure of free energy (i.e . are endergonic). The energy is provided 
by hydrolysis of a high-energy compound , adenosine triphosphate (ATP ), to 
yiel d adenosine diphospha te (ADP) and inorganic phosphate . The exergon1c 
processes which "<lrive" t he resynthes is of ATP and thereby the "l ife 
processes ' 1 , generally in olve oxidat ion of organic subs tances (e.g . 
resp i ration in aerobes; f ermentation irt anaerobes) . Since ti ese organic 
subs t ance~ a1·e themselves products of life processes in nature , this 
represents a closed system which, in the abs nee of comp l ete thermodynamic 
effi ciency* , is bound to run down. 
In fact, the biosphere and its conponent ecosystems , exists as 
a non-equilibrium, steady s tate sys tem. It is maintained in an "open" 
condition by a group or organi sms which utili se abiogenic energy sources 
to synthesi··e ATP and organic sub::itrates for r espiration . This proces s is 
termed 2•-i.rna:r•y pr•odu(.;tion; gross pri mary production when referring to th 
total amount of free energy aptured , and net primary product ion when 
applied to that part of the fr ee ner gy not expended by the organi sms 
(primary produc ers) in respiration. 
Th most comm n form of 1,rirna y produ tion is photosynthesis. 
It 1n olves utilization of light to excite pigr ent molecules. Energy thus 
* 
0 At 36 C a1 d pH 7, the entropy hang(:; of the ATJJ__,Al.Jp + P, reaction 1s 
8 . 4 ent opy unit s . (Morris 1968) 
I· 
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gained is involved in the oxidation of a hydrogen donor (AH2). This forms 
a reductant which , via a chain of reactions, reduces CO 2 to organic sub-
stances. Commonly, the hydrogen donor is water - result ing in the release 
of free oxygen - but other substances (e.g. H2S) may al so be used. 
Although primary production actually refers to a change in free 
energy state, energy transactions are extremely difficult to measure acc-
urately, particularly under variable field conditions (some microcalori-
metry has been possible in biochemical studies (Morris 1968)) . Consequently, 
primary production is usually estimated by quantifying changes in materials 
involved in the ener gy transactions. The three materia ls most commonly 
referred to are inorganic carbon, oxygen, and organic material (i.e. biomass). 
In situ techniques for eva luating plank-conic primary production 
fall into t wo categories: those in which samples are incubated in trans-
parent contain rs, and those 1n which changes are monitored in the open 
water. Incubation techniques are described in detail in Vollenweider (1969). 
In general t1ey involve monitoring changes in water samp les in small con-
tainers ("light and dark bottl es") incubated for a short period. Usually 
either dissolv d oxygen production or inorganic carbon uptake is monitored. 
Changes of oxygen level s in light bottl s are brought about by 
respiration (by autotrophs and heterotrophs) and by photosynthesis (strictly 
that proportion whicl uses 112 0 as a hydrog n donor). Dark bottles give a 
m asure of respiration only. Gross primary production is estimated by 
adding chang s from base level of oxygen concentrction 1n light and dark 
bottl .s. N· t primary produ tion cannot be accurat. ly estimated by the 
oxygen method. 
~1 asurement of inorg· ni carbon uptak in incubated samples has 
come i nt o common use 1n the pat 20 years. The procedure involves 
adding a small amount (relat ive to the natural carbon concentration) of 
arbon-14 as a tracer , and t hereby de t ermining the arnount of carbon 
incorporated into organic materi l per unit time . The carbon-14 method 
llows greater sensitivity t han the oxygen m thod. 
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Problems associated with the carbon-14 technique are discussed 1n 
Appendix B. An important shortcon1ing of tl e method is t hat it measures 
neither gross not net primary produc tion , but something intermediate between 
the t wo . This is due to t he fact tlat a proportion of t he assimila t ed 
carbon - 14 is respired by t he phytoplankton during incubation (Th omas 1963) 
and thus is a ailable for r eutiliza t ion. 
Altlough monitoring of diurna l changes in oxygen concentration 
has been used (s e Vollenweider 1969) , "op n \at e " t chniques for mon-
itorjng planktonic primary production generally i1 rolve estimating the rat 
at which new organic mater i al 1s produced . The n1ost direct method is the 
measurement of biomass either by count ing organisms or ~y measuring their 
Lalorific content . L ss di rect t echni ques include es timates of pigment 
·one •ntrutio :> . Thc!Se rncth tis urc.:: u. step fut·thor r~moved from m u sta ing 
prin · ry productivity (gross or net) a s they include such factors as death 
and decomposition, grazing , dis1Jlacement etc., Hhich play rruch less sig-
nificant roles in incubatjon measurements. 
Jn Llic.: tlten.udynamjc scr1St.; , t he: carbun-14 r11ethod ha .s c..1. s li gli t 
thc.:oretic- J ad ~ntage over measur<.:;mC;nt of oxygE: n c ro lution or biomass 
1ncrC;as . It t· kes ,H .. count of autotroplts I'! j ch do not us lf.iO as a 
hydrogen donor (e.g. so1.e purple and sulphur ba·teria hich use H2S) but 
3.4 
ex ludes organisms which use organic carbon sources (assuming that 
reutilization of labelled excretion products is insignificant in short-term 
incubation experiments. 
In the present experiment the carbon-14 method was employed -
mainly because of its higher sensitivity in low productivity environments 
such as LBG. Algal counts and chlorophyll measurements were also made. 
3.5 
3.2 METHODS 
Every attempt was made in the field and laboratory work to 
maintain uniformity of standard procedures. The main techniques -
particularly primary production measurements and some chemical analyses -
were developed and tested in late 1971. Consequently the routines did not 
vary during the period of the study. In this way, it is hoped that errors 
due to shortcomings in methodology will at least be systematic and apply 
evenly throughout the work. One oversight which may have caused a non-
systematic error was the failure to adjust carbon-14 incubation periods for 
changes to and from 'daylight-saving time'. However, as one of the day-long 
carbon-14 experiments used to calibrate daily production estimates occurred 
during this period it is hoped that variations caused by this error will 
remain well within the levels of inaccuracy inherent in such estimates. 
3.21 Primary Production 
The carbon-14 method was used both for routine field measure-
ments (4 hour incubations) and for whole-day experiments aimed at provid-
ing factors by which to convert field data to daily primary production 
estimates (Hammer et al. 1973). 
3.211 Routine field measurements. The methodology generally follows 
that laid down by Vollenweider (1969). The main points are listed below:-
Two-litre samples taken from the appropriate 
depths (see above) are placed in l arge polythene 
bottles under a black plastic sheet. 
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From each bottl 1n turn 300ml 1s pour ed into a graduated 
cylinder ; 3ml of carbon-14 sodium bicarbonate s olution 
(2 µCi/m l ) is added; th ylinder is capped, sha ·en and 
placed i n a black p l astic cover . 
Approximately 1/3 (1 00ml) of the contents of the cylinder is 
poured i n turn into each of two clear and one opaque plastic 
bags. (See Append ix A for rationale of use of plastic bags. ) 
After e ch bag is fi lled it is compres sed until t he liquid 
nears the top , and i s then twis t ed and t ied with wire . When 
filled, each bag is placed in a black plastic envelope marked 
with the appropria te depth. 
\fuen all s amples are prepared in this way, they are ti d 
into pos it ion on a weighted line (the top two l evels are ti ed 
to brass wire frame s) and lo\ Ered into position . This pro-
cedure i s completed as near as poss ible to 1100 hr . 
At 1500 hr . the line is dr awn up and the bags are quickly 
removed, and placed in the marked envelopes which are 
stacl ed i nside a dar k, insulated box, for transport to the 
laboratory. 
The contents of each bag js fi lt ered through HA Millipore 
filt rs (vacuum< 300mm Hg). 
Tl1c filters ar(; eAposed to l!Cl fwfll~~ for 10 -15 mi ut s a11d 
placed in scirtjlla ti on i.c.ds. 
I· 
The filtrate is acidified with HCl, aerated for 10 minutes, 
and concentrated by evaporation in a forced-draught oven 
0 
at 75 C to approximately 10% volume . Two 1ml aliquots 
are placed in scintillation vials. 
3.7 
10ml of 'Aquasol' scintillant is added to each vial which is 
placed in the dark for 24 hours before the radioactivity is 
measured in a Beckman LS 250 liquid scintillation counter. 
Counts per minute and quench coefficients formed the input 
to a computer program which (a) converted the data to decays 
per minute - according to _a 'quench curve' (Figure 3.1) 
derived empirically using chloroform as a quench agent; 
(b) calculated the mean activity by combining the readings for 
filters and filtrates and subtracting the dark bottle reading 
from the average dpm for the t wo light bottles; (c) com-
bining these data with titrimetri~ determinations of 
bicarbonate-C and dissolved C0 2 -C (after Golterman and 
Clymo 1969) to derive estimates of carbon assimilated per 
hour per m3 at each depth sampled. 
3.212 Whole - day experiments . Whole-day experiments were carried 
out on thr e occasions. The incubation n1ethod used was identical 
to the on described above except that only one light bottle was 
used at each depth, and on removal from the lake the contents 
o each bag was tipped into a numbered 250ml plastic bottle 
containing 10ml of formalin solution. Four hour 
Fig. 3.1 Quench calibration curve, d e rived using 
chloroform as quench agent, used to calculate 
disintegrations per minute from measured counts 
per minute. 
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incubations were begun at two-hourly intervals commencing at 0500 
on 13 June 1972 and 11 January and 4 April 1973. 
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Filtration was carried out on the following day and carbon assimilation 
rates calculated as above. The conversion factors were calculated as 
the ratio of areal production between 1100 and 1500 to the total daily 
production. Their values were 1.89 (summer), 1.82 (equinoxial) and 
2.13 (winter). 
3 . 22 Phytoplankton Samples 
Phytoplankton numbers were estimated from samples taken 
immediately sub-surface and at 2m depth. Lugol's solution, prepared 
according to Vollenweider (1969), was added to 125ml samples which 
0 
were stored at 4 C. Subsamples (25-l00ml; depending on algal 
population density) were placed in settling tubes for 24 hours. Algae 
were counted using a Wild M40 inverted microscope. Numbers of each 
species were counted in 10 "fields"; magnification depending on the 
size of the organism (90 for colonial species and Staurastrwn pingue 
and 250 for the remaining, smaller species). Colonial species were 
counted as colonies rather than individual cells. 
Care was taken to avoid disturbing the samples after settling 
as any water movement in the settling chamber caused a biased distrib-
ution of organisms towards the centre. However, the coefficient of 
variation for the major groups was always below 7.5%,indicating a 
reasonable reliability of the mean values used for calculation of 
phytoplankton volume. 
Volume was calculated from measurements using a graduated 
yepiece on the inv ·rted microscope. Volume of single-c lled algae 
was stimated once. Estimates for simple shap d cells sucl as 
3 .~ 
Melo ira and Cyclotel'la (cylindrical), and Chlorella (spherical) 
were calculated from their geometric dimensions. More complex 
organisms, e.g. Fragilaria and Staurastrum were first drawn to scale 
and their volumes calculated by integrating cross-sectional areas. 
The volume of colonies was estimated after the completion of counting, 
by moving the microscope stage in any direction and measuring the 
maximum cross section of 30 colonies in the plane in which they crossed 
the measuring scale. For large Anacystis colonies, which tended to take 
the form of several clumps of cells connected by thin strands , clumps 
were measured separately and the number of clumps per colony noted. 
Volumes of colonies were calculated as 
where 
V == 
d. == m asured cross-section of colony i 
l 
Volume was expressed in ml m- 3 (== cm 
This method, although an approximation, gives a reasonable estimate 
of mean volume when compared to cell counts. Because of its convenienc e , 
colony volume can be estimated for each sampling occasion; important 
in the case of Anacystis and Botryococcus in which seasonal variations 
in colony size are considerable. 
3.23 Zooplankton Samples 
Zooplankton samples were collected by vertical hauls of a 
plankton net (mouth diameter 25 m, mesh size 6lµm) carried out at 
about 1200 hr on the days when carbon-14 me surements were made. 
The counting technique was flexible and depended on the 
number of organisms present. After the sample was mixed thoroughly 
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a 10ml subsample was taken and tipped into a plexiglass counting tray 
using a wide orifice 10ml pipette. (This was constructed by drawing 
up 10ml of water into a bulb pipette, inverting it, and marking the 
water level. The pipette was then used inverted for subsampling 
zoop lankton.) 
Serial subsamples were counted until ei ther 500 of the most 
numerous organisms were seen or the whole samp l e as counted. ever 
less than half the net haul was counted. The volume of any uncounted 
remainder was meas ured and the data adjusted according ly. In some 
samp l es small organisms, particularly Bosmina., tended to adhere to the 
surface film. On these occasions a few drops of laboratory detergent 
(e.g. "Teepo l") were added to 10\ er the surface tension. 
These samples are ess ntially qualitative although comparison 
with n oblique haul using a Clark-Bumpus net, indica ted that th e volume 
sampl d was approximately 0.2Sm 3 • Thus mul t iplication by 4 would give 
approximate estima tes of zooplankton per m3 and by 4 x 6 .3 (depth at 
sample site) zooplankton per m2 of surface. However t he reason for 
sampling zooplankton W' S to evaluate chang sin grazing pressure on 
phytoplankton . In thi s context the estimates are comparable to each 
ot er r~gardless of th ei r absolut ac uracy . Expansion by a fixed 
factor of 4 or 25.2 would ad nothing to the analysis . 
j. 
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3.3 RESULTS 
3.51 Biomass 
Table 3.1 represents a list of algae which appeared in 
significant numbers in phytoplankton samples. The estimated volume of 
major components of the phytoplankton are listed in Table 3.2. These 
data were used to estimate phytoplankton volume near the surface, at 2m 
depth, and, from July to December 1973, at 0.Sm depth. The estimates 
were integrated to give estimates of mean algal volume per cubic metre 
of the water column (Figure 3.2) . 
Chlorophyll a concentrations for the same depths are presented 
in Figure 3.3. Figure 3.4 shows the numbers and species composition of 
the zooplankton samples . 
3.32 Primary Production 
Isopleths of phytoplankton production, expressed as mg of 
carbon assimilated per cubic metre per hour, are presented in Figure 
3.5. Data for new photosynthate returned to the medium (calculated 
from measures of organic carbon-14 1n the filtrate) has been added to 
data. The level of this component of pr i mary production was quite 
variable, but always low. It never exceeded 8% of the assimilation 
rate in light bottles. 
/. 
,, 
! 
I· 
Table 3.1 Algae observed in samples from Lake Burley Griffin 
1972-73. 
BACILLARIO PHYCEAE 
Asterionella ~osa 
Cyclotella stelligera 
Fragillaria sp. 
Gomphonema sp. 
Melosira var1..ans 
Melosira sp.* 
Navicula sp. 
Surirella robusta 
Surirella ovata 
Synedra sp. 
CHLOROPHYCEAE 
Actinastrum gracillimum 
Ankistrodesmus falcatus 
Botryococcus braunii 
Characium sp. 
Cladophora sp. 
Closterium moniliferum 
Eudorina sp. 
Oedogonium sp. 
CHLOROPHYCEAE (cont.) 
Pandorina morum 
Pandorina sp. 
Scendesmus quadricauda 
Schroederia sp. 
Sphaerocystis sp. 
Staurastrum nodul@sum 
Staurastrum p1..ngue 
Volvbx sp. 
CHRYSOPHYCEAE 
Synura sp. 
CYANOPHYCEAE 
Anacystis cyaneae 
DINOPHYCEAE 
Peridinium sp. 
EUGLENOPHYCEAE 
Trachelomonas hispida 
\/ 
Trachelomonas vo~'focina 
voLuo~a.. 
* The most numerous diatom genus and species uncertain. 
Forwarded to Dr .F. Round by Miss I.J.Powling, for 
identification. 
l-
Table 3.2 Cell volumes of ~ajor phytoplankton species. 
PHYTOPLANKTER 
Single cells: 
Asterionella formosa 
Cyclotella stelligera 
Fragillaria sp. 
Melosira sp. 
Ankistrodesmus falcatus 
Scendesmus quadricauda 
Staurastrum pingue 
Peridinim sp. 
Colonies: 
Botryococcus braunii 
Pandora morum 
Sphaerocystis sp. 
Volvox sp. 
Anacystis cyaneae 
3 Volume (µ) 
620 
930 
850 
360 
300 
730 
26,600 
31,000 
9,350 
3,700 
8,500 
3 * 
- 1054xl0 
93xl06 
* 2,700 - 379,000 
* range of mean volume observed during study. 
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3.4 ANAL SIS 
The aim of Section 2 was to assess LBG as a physical 
environment for phytoplankton. In the parlance of Nicholson (1954) 
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the physical environment operates 1n a legislat ive mode in influencing 
phytoplankton dynamics (including production). Broadly speaking, this 
means that boundary conditions are set by the physical system within 
which the phytoplankton carry out their life functions. The present 
section examines the ways in which the phytoplankton are able to maximise 
their production within these constraints. 
Engler (1951) criticised American plant ecologists of the first 
half of the century for paying mere lip-service to a holistic view of 
ecological systems whilst continuing in practice to deal with components 
of those systems in complete isolation. It is difficult to do otherwise. 
Apart from the great complexity of interrelationships within an ecosystem, 
the linear nature of the written (or spoken) word itself imposes con-
siderable constraints. However, the problems do not lie only with pres-
entation and discussion. 
If the aim of a study is discussion of ecological function 
(Holling 1966) rather than a description of ecological status 
(Lindeman 1942), then the size of the smaller system under study must be 
reduced correspondingly. Although cooperativ research teams or computer 
simu l a tion (,hie! requires some prior knowledge of the functional relation-
ships) may offer long -term ho e for analysjng "comp lete" ecosystems, 
simplification of the system to be examjned is unavoidable in a study such 
as the presen t one. It is the efore not possible to examine more 
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cryptic cause and effect relationships without abstracting the sub-
system in which they operate from the ecosystem proper.* 
Given that only simple relationships can be analysed it 1s 
still possible to maintain a holistic view of the system and gain a 
measure of detailed functional information. This can be done if 
analysis follows a pattern of first asking general questions about 
the whole system, and gradually progresses towards more particular 
questions regarding specific components of the system - each question 
being guided, in part, by the preceding answer. 
After using this "decorticating" approach to find functional 
relationships at a number of levels within the system, they may be 
reassembled to produce an outline of the workings of phytoplankton 
production system in LBG in 1972-73. 
In parts of this section, particularly Section 3.42, heavy 
reliance is placed on regression analysis. The technique has been 
* It might be considered that concentrating on planktonic primary 
production is already an oversimplification. However, if viewed 
as a "life-system" (sensu Clark et al. 1967) with the phytoplankton 
community replacing the population in the original construct, then 
it is possible to describe a subunit of the ecosystem which contains 
all the elements likely to have a significant bearing on phytoplankton 
ecology. 
3. J 4 
criticised in the past b c use insufficient attention has been given 
to the assumptions underlying its use (Mead 1971). These assumptions 
relate to independence among the observed vari ables and the statistical 
distribution of the error or (a better term) residual. Their sig-
nificance varies with the type of data analysed. Referring to the 
general multiple regression equation: 
it is assumed that values of E (which represents a residual value as-
cribed to account for unmeasured factors) have a Gaussian distribution 
(i.e. are randomly distributed with zero expectation). Lack of in-
dependence among X does not invalidate the expression but, rather, 
limits the uses to which it may be put. 
Data such as those of the present study arise from passive 
observation and are said to be unplanned. Thus , unlike the case of a 
well designed experiment, there is no guarantee that multi-colinearity 
does not exist among the "independent" variables. Such a situation 
may render the equation useless for predicting Y values in conditions 
other than those upon which the equation was based (Box 1966). 
There is no way to avoid this problem, but its importance 
is reduced considerably in the present study by the fact that the re-
gression equations are not being used for predictive purposes. The 
possibility that a "latent" variable, incorporated in E, migh t be 
important in determining Y has been reduced as far as possible by 
attempting to include aZZ the environmental factors likely to have a 
major effect on production or biomass as dependent variables . 
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The existence of multi-colinearity amongst some of the 
dependent variables in unquestioned (e.g. light and temperature; the 
various dissolved nutrients, pH and dissolved zinc - see Section 5.2). 
Three methods can be employed to avoid the problem. The dependent 
variable may be transformed in relation to one of a pair of correlated 
"independent" variables before being regressed on the other (e.g. an 
analysis of the effects of temperature on photosynthesis at light 
saturation avoids the effect of correlation between light and temper-
ature). One representative variable from each group of correlated 
"independent" variables can be incorporated in the regression analysis 
(see e.g. Brylinsky and Mann 1973). Thirdly, special analytical 
techniques (e.g. principal component analysis, ridge analysis) are 
available which, respectively, avoid the problem or test the independent 
variables for multi-colinearity as part of the multiple regression 
analysis. 
Whilst accepting the (sometimes pedantic) catch-cry that 
"correlation is not causation", one must allow the discrete use of 
common sense (and ecological experience) in interpreting the results of 
regression analysis. (A high correlation between decapitation and 
cardiac arrest may be assumed to reflect cause and effect!) Turkey 
(1962) expresses the warning more constructively: "Data analysis must 
use mathematical results as bases for judgment rather than bases for 
proof or stamps of validity". In the present study the results of 
regression analysis are presented as evidence which must be incorporated 
with other evidence, where available. Interpretation 1s a separate step 
(and unrelated to the rigors of mathematics). 
The function of the system can be represented simply (Figure 3.6) 
I· 
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as a cyclical unit with two measurable entities, biomass and 
production, connected by two rate functions, instantaneous 
productivity and biomass accretion (growth and reproduction). Grouped 
near each rate function are the components of the phytoplankton's 
environment which may contribute to regulating the rate at which the 
system operates; these are the potential regulatory factors (PRF). 
The system divides logically into two parts: the "production" 
component, which determines the rate at which a given phytoplankton 
biomass will synthesise organic compounds, and the "biomass" component, 
containing all the elements which cooperate to determine phytoplankton 
biomass. Although a few environmental factors may operate in both 
components (e.g. temperature, zinc (see Section 5.3), some inorganic 
nutrients) they differ in the time scale of operation. Whereas cause 
and effect relationships in the productivity subsystem are instantaneous 
(proximal), they are separated by an unknown time period in the other 
subsystem. Thus,in the former, simultaneous observations can legitimate-
ly be related by regression analysis in seeking cause and effect relation-
ships. Analysis of the second subsystem is less straightforward. 
On the basis of Figure 3.6, the remaining analyses are aimed 
at discovering which of the PRF are operative in the system and, if 
possible, their mode of operation. An important underlying assumption 
is implied in this approach - namely that the set of PRF considered include 
all those which had any significant effect on the phytoplankton prod-
uction system at any time during the period of the study. There can be 
no guarantee that the assumption is justified. However, in this context, 
it should be noted that bioassays indicated no nutrients other than 
phosphorus and possibly nitrogen were likely to limit primary production 
Fig. 3.6 Planktonic primary production control-system. 
Instantaneous 
Productivity 
Primary 
Production 
Phytoplankton 
Biomass 
POTENTIAL REGULATORY FACTORS. 
Biomass 
Accretion 
Temperature, radiation, recent temperature and radiation history, 
turbidity, Zn (suspended and dissolved), P (total and filterable), 
N (as nitrate/nitrite), Si, TDS, Inorganic carbon, Chlorophyll a 
per unit phytoplankton volume, zooplankton population densities, 
production per unit phytoplankton biomass on previous observat-
ions (last two factors apply to biomass accretion only). 
I. 
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(see Section 2.5). Presumably, if variations in the independent 
variables can be explained satisfactorily in terms of changes in 
values of some PRF the assumption may be accepted as valid. 
3 .41 Algal Biomass 
Two factors were measured under this general heading, 
Chlorophyll a concentration and algal volume. Algal volume is the 
better estimate of biomass, per se. Chlorophyll a concentrations 
reflect a combination of biomass and physiological conditions, as well 
as interspecific differences. For this reason most of the discussion 
will refer to algal volume. 
A seasonal pattern is evident in the data (Figure 3.7,). 
Fourier analysis shows that the data can be described well (R2 = .656)* 
by the equation: 
V = 649.37 - 39.25 Sin (T) + 325.91 Cos (T) - 150.21 Sin(T/3) 
+ 18.72 Cos (T/3) 
here V = Mean phytoplankton volume (ml. m- 3 ) 
T = Time (in years) from the beginning of the study, expressed 
in radians. 
In winter 1973 a maJor qualitative change occurred in the 
phytoplank ton community . For the fir s t time during the study 11 buoyant" 
algae appeared as a significant component of the phytoplankton, result-
. . 1ng 1n consis tent stratification of the primary producers. The main 
* R2 is the adjusted correlation coefficient caJculated in multiple 
regression analysis . 
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species were Anacystis cyanae (deriving buoyancy from gas vacuoles), 
Botryococcus braunii (lipid vacuoles) and Volvox sp~(motile). During 
the remainder of the study the phytoplankton could be considered as 
two overlapping communities: the "neutral" phytoplankton , distributed 
homogeneously, at leas t through the upper two metres, and the buoyant 
phytoplankton, remaining in the top few centimetres. 
In the remaining discussion the data may be divided into 
phases I and II; pre July 1973 and July-December 1973 respectively, 
and/or "surface" (S) or "mean" (M); referring to phytoplankton in the 
upper 10-SOcm of water and the whole water colwnn respectively. Thus 
phase IIS refers to phytoplankton at the surface between July and 
December (inclusive), 1973. 
In addition to the limitations inherent in the technique, 
statistical analysis of biomass data has a further difficulty. Changes 
in biomass and the changes in environmental parameters related to them 
may be separa t ed by an unknown time span . Some account can be taken of 
time lag when sampling is frequent and regular. However, having first 
analysed for instantaneous r lationships, the problem was tackled in the 
present study by analysing the monthly means of all data. Although it 
considerably reduces the degrees of freedom, it tends to "smooth" the 
data and mask some short-term effects . This method has the advantage 
of highlighting long term trends, and also permits inclusion of data 
estimated on a monthly basis (e.g. hydrologic and nutrient budgets -
see Tabl s 2.4, 2.7 to 2 .1 0). 
The search for "instantaneous" relationships revealed that 
mean phytoplankton volume was correlated witt temperature and /or 
radiation (Table 3.3) . It is to be expected in algae t hat growth would 
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be close ly related to temperature . 
Tab l e 3 .3 Regress ion analys is of field observations in Lake Burley 
Griffin, 1972- 73. Dependent variab l e: ~lean phytoplankton 
volume for water column. 
Independent 
Variable 
Mean Water 
Temperature 
(oC) 
Tota l Daily 
Radiation 
Intercept 
12 . 83 
242.7 
Regression 
Coefficient 
33.307 
0 . 748 
t - value 
(probability) 
5 . 669 ( <.001) 
4.501(<.001) 
.387 
.284 
The r e l a tionship with r adiation is probab ly express ing a 
seasonal tr end and may result from the fact that production 1s higher 
during periods of high radi ation . Thus, whilst t emper ature 1s acting , 
at l eas t in part , on the biomass -accre t ion rate func tion, radi ation 
may be related to biomass via the production s ys t em . It is noteworthy 
that no plan t nutr ient concentrations are significantly correlated t o 
mE:an phytop l ankton volume. 
Analysis of th e surface plankton in phase II indicated 
strong l inear relationships with Secchi di sc dep th, di ss olved nitrate-
nitrogen and silica , and a weaker correlation with fi lterable inorganic 
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phosphorus ( able 3.4) . The last three fa tors are strongly correlat d, 
hm ·ever, a d are no longer statistically significant \ h n plac d 
together in a multiple regression. The regression coefficients for 
nitrogen and silica are positive and that for inorganic phosphorus is 
negat i ve . The latter may be interpreted as indicating that increases 
in biomass were reducing the reserve of readily availab l e phosphorus. 
For this negative correlation to be sustained implies that the levels 
of avail ble phosphorus were not limiting biomass accretion . If the 
positive regressions with dissolved silica and nitrate-nitrogen represent 
causal relationships then either i ncreases in these elements are causing 
increases in biomass (implying that both are limiting nutrients) or 
vice ver·a, implying that the levels of inorganic nutrients are 
increasing as a result of increases in phytoplankton biomass . In the 
circwnstances neither interpretation seems probable and it must therefore 
be assumed that the variables are related through correlation to another 
factor. 
Then gative relationship between phase II surface phyto-
plankton volwne and Secchi disc depth was not evident at other times. 
It ll'Y indicate tut the artlcularly numerous phytoplankters in the 
surface lay rs in late 1973 were contributing significant ly to turbidity. 
The statistical relationship b tween zooplankton and phyto-
lankton is particularly interesting.* The only zooplankton groups 
It should b noted in passing that, as the regression coefficients 
for all significant relationships bet en the two are positi e, any 
ssumed causative rel tionship would imply that zooplankton rather 
than phytoplankton should be the dependent variable. However as the 
reg ss1on uations are not being used predictively, the distinction 
is not important . 
Table 3.4 Regression analysis of field observations in Lake Burl ey 
Griffin, 1972-73. Dependent variable: Phytoplankton 
volume at lake surface. 
Independent 
Variable 
A 
Intercept 
Mean Temperature 12.83 
Total Daily 
Radiation 242.71 
Dissolved Si 
B 
Secchi Disc 
Depth 3219.3 
Inorganic 
-570.93 Nitrogen 
Dissolved Si 
-313.295 
Filterable 
Inorganic P 3386.26 
A 1972-73 
B July-December 1973 
Regression 
Coefficient 
33.307 
0.748 
26.465 
-1573.88 
18396.4 
176.248 
-12912.6 
t - value 
(probability) 
5.669(<.001) 
4.501(< 001) 
1.737(0.1-0.05) 
6.496(<.001) 
4.873(<.001) 
6.277(<.001) 
1.946(0.1-0 . 0S) 
. 387 
. 284 
.056 
. 808 
.704 
. 798 
. 275 
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related to mean phytoplankton volume both throughout 1972-73 and during 
phase I are Ceriodaphnia and rotifers. If phytoplankton volume at the 
lake surface is analysed separately, Daphnia numbers appear to be closely 
related. However when phase IIS data are analysed separately (i.e. ~ 
volume of buoyant species) strong correlations appear with Daphnia, BoRmina, 
and Ceriodaphnia (Table 3,5). 
The possibility that phytoplankton volume and population 
density of s ome zooplankters are correlated through a cau sal relation-
ship to a third variable cannot be ruled out. For example water 
temperature could probably have such an effect. In this context it 
should be noted (Table 3.6) that Daphnia numbers are not correlated 
with temperature though highly correlated with surface phytoplankton 
volume, and that total cladoceran numbers are more closely related to 
phytoplankton volume than to temperature. The high correlation with 
dissolved Si is probably not relevant as it is also closely correlated 
with phytoplankton volume (see above). The quantitative and qualitative 
differences in the relationship which appeared in phase II suggest an 
additional interpretation. By remaining at the surface, buoyant algae 
present a more concentrated food resource to grazers than if they were 
uniformly distributed in the water column. Further, by regulating their 
verticle position they expose themselves to the maximum chance of moving 
horizontally with the zooplankton. A correlation in their horizontal 
distribution would undoubtedly produce a correlation in the field data 
from sampling variations. It would also increase the probability of grazing. 
By analysing monthly mean values for phytoplankton volume 
the following additional factors could be considered: total monthly 
input and "balance" of total and inorganic phosphorus, nitrate-nitrogen 
Tab le 3. 5 Regression analysis of field observations 
in Lake Burley Griffin, 1972-73. Dependent variables: 
A. Phytoplankton volume phase I (Jan. 72 - June 73). 
B. Phytoplankton phase IIS (at surface, July~ Dec. 1973). 
Independent Variable Intercept Regression t-value 
Coefficient (probability) 
A. 
Total Ceriodaphnia quadrangula 
per vertical haul 
395.62 0.318 3.084(<.001) .19 
Total rotifers per 
vertical haul 
448.2 1.757 2 .038( .01- .001) .09 
B. 
Total Daphnia ca:Pinata 
per vertical haul 
Total C'eriodaphnia quadrangula 
per vertical haul 
601.14 
772.90 
1.926 3.770(.01-.001) .59 
1.469 2.353(.02-.01) .36 
Table 3.6 Regression analysis of field observations in Lake Burley 
Griffin, 1972-73. Dependent variables: A. Total calanoids 
and B. Total Da:phnia carina.ta per vertical haul 
Independent 
Variable 
A. 
Phytoplankton 
D nsity in 
Surface Water 
(ml.m- 3 ) 
Water 
Temperature 
(oC) 
Dissolved 
Si (ppm) 
B 
Phytoplankton 
I:ensi ty in 
0 urface Water 
Dissolved 
Si (ppm) 
Intercept 
545.887 
366.98 
800.38 
-18.858 
62.420 
Regression 
Coefficient 
0.528 
33.521 
71.137 
0.267 
59.018 
t - value 
(probability) 
3.689(<.001) 
2.131(.05-.02) 
2.167(.05-.02) 
6.798(<.001) 
7.311(<.001) 
.211 
.082 
.084 
.475 
.512 
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and zinc rom the nutri nt budge t es t imat s (see Tab l es 2 . 7 to 2 .1 0) and 
throughput of water (Tab l e 2. 4) . In prac t ice the technique added littl e 
new inf ormat ion. The general r e l ationships es t ab l ished in the ''ins t ant an-
eous" analyse s were confirmed. No s ignificant corre lation with the bal anc e 
of nutrient budgets was observed. However, the volwne of phytoplankton 
a t the lake surface is correlated with the total monthly input of nitrate-N 
and total-P. This probably reflects the instantaneous relationship already 
f ound betwe en phase II surface pl ankton and the concentrations of these 
substances. Once again the independent variabl es appear to be highly 
corre l a t ed with each other, making int erpretation difficult. The same 
res ervations express ed in the discussion of t he ins t antaneous relationships 
still apply, a lthough it is possible that s ome of the buoyant species 
(e . g. VoZvox) require high nutri ent levels. Thus their appearance in 
s ign i f icant nill1b er s may be rel a ted to the i ncreased nutrient i nput, 
although their success in mainta ining hi gh popul at ion densities may be due 
t o their overcoming other limit i ng factor s such as light supply and zinc 
t oxicity (s ee Section 5). 
I t could be expected t hat b i omass would be related to pr imary 
produc tion, as phytopl ankton b iomass a t any t ime i s a direct result of 
pr i mary production a t an earlier time. Thi s was i nves tigat ed by regr ess ing 
phyt op l ankt on volume on occas ion (t) with production data f r om occasion 
(t - 1) and t he r a tio of production on (t - 1) wi th· tha t a t (t) . As the 
t ime span be t ween samp ling occas i ons was var i ab l e and greatly in excess 
of phy t oplankton gener at ion t i mes t hese data can be assume d to give qua l-
it a t i ve i nfo r mation only. Although si gni fican t relat ionships were f ound for 
a ll production es t imat es the maximum pr oduct ion va l ues on each occasion showed 
highes t signifi cance v· l ues . Table 3 . 7 shows the phytop l ankton vo l ume a t 
time (t) is highly correlated to .maxi.mum production at time (t), 
expressed as a proportion of maximum production at the preceding 
observation, and with ¢v on the preceding observation. max 
Table 3. 7 Regression analysis of field observations 
in Lake Burley Griffin, 1972-73. Dependent variable: 
Phytoplankton volume at the lake's surface. 
Independent Variable Intercept Regression t-value 
Coefficient (probab-
ility) 
3.23 
Maximum primary 
production time (t) 
-0.14 1.184 5.334(<.001) .358 
Maximum primary 
production time (t-1) 
¢v at time (t-1) 
max 0.571 14.436 3.887(<.001) .229 
Total algal volume is an adequate statistic for 
analysing gross effects such as the foregoing because most algae 
exhibit the same type of response to seasonal influences on their 
physical environment. However it may mask more subtle influences 
being the sum of all the fluctuations in density of the species-
populations making up the phytoplankton community. As such 
it tends to fluctuate less severely than the biomass of the 
main component species. 
Though large , these fluctuations often do not lead to the 
extinction of species, thus maintaining a diverse community. The 
situation may be summarised as follows: 
a large number of algal species are physiologically 
capable of subsistence in the physical environment 
existing in the lake at any one time. 
the physical environment is nearer the physiological 
optima for some species than for others and the former 
will tend to reproduce quickly and become dominant. 
the physical environment changes 1n time, consequently 
changing its "optimality" relative to the algal species 
present and preventing the "competi tive exclusion" 
(Patten 1961) of minor speci es by dominant species. 
biological components such as grazing modify the pattern 
still further. 
Broadly, the phytoplankton community reacts to environmental 
change in much the same way as does a gene pool. The types (species/ 
genes) best adapted to the current conditions increase at the expense 
of those less "fit". Not having heterozygos ity to maintain diversity, 
the phytoplankton community probably dep ends on a greater overlap of 
suitable environments and more frequent changes in the operative 
environmental characteristics to maintain a large number of species 
present at any one time. 
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j. 
Several relevant points arise from this view of the 
phytoplankton community. 
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a) A species may achieve dominance through environmental changes 
which favour it specificall½ by being best equipped either 
to withstand some temporary environmental change which is 
detrimental to all species or to take advantage of some 
universally favourable change. TI1e difference is not tr ivial 
when statistical techniques are to he applied to the data. 
b) There is no reason to assume that identical sets of 
environmental factors occurring at different times would 
have identical phytoplankton communities (biomass or 
s tructure) - i.e. the state of the system at any time 
depends on its preceding states. 
From the foregoing it can be seen that in additions to more 
direct relationships, environmental factors can influence phytoplankton 
biomass (and productivity) indirectly through changes in community 
structure. Because of their complex nature these relationships are not 
amenable to statistical analysis. 
As previously stated fluctuations in total phytoplankton 
biomass are likely to be less than the relative changes in population 
density of the component species. Thus total biomass is buffered to some 
extent against changes in environmental factors by compensating shifts 
in species composition. However it may be possible to acquire some 
insights useful in interpreting the foregoing analyses, by the 
relatively crude technique of looking for "significant" environmental 
eyents neax the tune of changes in tne dOJUinant species, Table 3,8 
summarises these events. 
Table 3.8 
Time 
Major environmental changes observed during changes of 
dominance in algal community. 
Dominance Change Environmental Change 
Aug-Sept 1972 Diaton decline and 
Sphaerocystis 
increase. 
Sharp decline in dissolved 
Si . Rise in radiation. 
Rise in temperature. 
Fal l in turbidity. 
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Feb 1973 Sphaerocy s tis_ 
decline. 
Staurastrum pingue 
increase . 
"Spike" in Zn concentration. 
High temperatures. 
May 1973 
July-Aug 1973 
Increase in 
Anacystis. 
Staurastrum and 
Anacystis 
decline. 
Volvox and 
Botryococcus 
increase. 
Increase in inorganic P&N. 
Turbidity increases. 
pH slight temporary increase. 
Increase in Zn concentration 
Turbidity increases. 
Inorganic N&P increase. 
The environmental changes listed in the table represent a 
mixture of causes, effects, and unrelated coincident variations. There 
are no objective means of categorising them although for some resolution 
is a matter of common sense. For instance, the decline in the concentration 
of dissolved silica in spring 1972 was probably responsible for the decline 
in diatoms in favour of non-siliceous phytoplankton. In view of 
the zinc-sensitivity of Anacystis cyanea and the zinc-tolerance of 
Volvox in particular, and Botryococcus (see Section 5.3), the 
replacement of the former by the latter during a period of increasing 
zinc pollution is to be expected. 
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The important information to be drawn from these observations, 
however, is that, if "suitable" species are present in the phytoplankton, 
its response to environmental change will be in the form of va:riations in 
community structure. This response has the effect of dmrrping variations 
in biomass that might otherwise occur. 
3.42 Production 
The phytoplankton production subsystem (Figure 3.6) presents 
a considerably less complex analytical task than does algal biomass 
because the functions which control productivity of a given unit of 
phytoplankton is likely to be effectively instantaneous. Removal of 
the time factor allows for more general application of statistical 
techniques. 
Areal production follows a marked seasonal pattern. 
The expression*: 
where 
A= 93.76 - 15.368 Sin(T) + 58.497 Cos(T) - 2.043 Sin(T/3) 
- 63.325 Cos(T/3) 
A= estimated daily primary production per unit area 
(mgC. m- 2 . day- 1 ) 
Symbols used here follow Talling et al. (1973) where possible. 
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T = time in units of a year expressed in radians 
- fits the observed data (Figure 3. 7 A) quite closely (R2 = • 854) 
The expression is composed of cycles with frequency equivalent 
to one and three years. The forms of the two components are presented 
separately in Figure 3.7 B. The one year frequency component of the 
line accounted for SO% of the variance (R2 = 0.504) and the addition 
of the three year component raised R2 to 0. 854. The higher frequency 
line has a pattern of the same type as vernal seasons implicating rad-
iation(and possibly temperature) as important factors controlling primary 
production . The lower frequency pattern probably represents a trend over 
the two years of the study, rather than genuinely cyclical phenomena. 
Several environmental factors followed this trend (or its inverse) 
during 1972-73. Turbidity (Secchi disc depth; Figure 2.5) matched it most 
closely although such factors as stream flow (see Table 2.4), and to a 
lesser extent nitrogen and phosphorus concentrations (see Figure 2.9) 
also followed the same general pattern. It is also quite possible that 
a number of environmental factors (physical or biological) could act in 
concert to produce a "conglomerate factor" which might mimic either line. 
Multiple regression analyses using environmental data confirmed 
these general conclusions . Both total daily radiation and Secchi disc 
depth (R2 = 0.360, 0.362 respectively)were closely correlated to areal 
production. Temperature was less well correlated (R2 = 0.297). However, 
both algal volume and chlorophyll a . concentrations were also closely 
related to areal production (R2 = 0.390, 0.433). Thus the seasonal 
cycles observed in areal production are probably reflections, to some 
degree, of the seasonal patterns of phytoplankton biomass. 
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Fig. 3. 7 A. Fourier function fitted to daily areal 
production data, Lake Burley Griffin 1972-73. 
B. Components of Fourier function. 
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To abstract phytoplankton production rate from the remainder 
of the system, production data must be expressed per unit of biomass. 
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The indices of biomass used in this study are chlorophyll a concentration 
and phytoplankton volume. Their relative value as estimates of biomass 
is discussed in Section 3.4]. Productivity phase I, IIM, and IIS refer 
to production per unit of biomass of the phytoplankton thus designated 
(see Section 3.41). 
Areal productivity per unit biomass is represented by¢ 
(Talling et al. 1973, Patten 1965), although other symbols have been used 
in the past (see e.g. Patten 1968). To distinguish between the two 
estimates¢ will refer to areal production per unit chl9rophyll a 
C 
(mgC.' m- 2 • mg- 1 Chl a) and¢ to areal production per unit of phytoplankton 
V 
volume (mgC. m- 2 • ml- 1 phytoplankton): ¢ will be used as a non-specific 
term in discussions of production per unit biomass in general. 
For much of 1972-73 vertical distribution of phytoplankton 
was homogeneous. This fact combined with the generally turbid conditions, 
meant that a large proportion of the phytoplankton were experiencing 
suboptimal light conditions at any one time. 
Thus it is expected that turbidity plays an important role in 
controlling¢ in this situation. Regression analysis supports this 
view. 
Results (Table 3.9) of the analysis show that Secchi disc 
depth and zinc concentration are closely related to¢. 
Table 3.9 Regression analysis of field observations in Lake Burley 
Griffin , 1972-73. Dependent variable: Daily areal primary 
production per unit phytoplankton volume. 
Independent 
Variable 
Secchi disc depth 
(m) 
Dissolved zinc 
(ppm) 
Chlorophyll a 
content of phyto-
plankton (mg Chl a 
ml- 1) 
Intercept 
.066 
0.244 
-.013 
Regression 
Coefficient 
.096 
-1.458 
21.528 
t - value 
(probability) 
5.267(<.001) 
5.866(< .001) 
3.699(< . 001) 
.409 
.462 
.252 
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It 1s noteworthy that dai ly total radiation is not significantly 
related to¢ though it is to daily areal production (A). This may 
imply that the rolatjonship betwe n A and rad'ation was an artefact 
introduced by season cycles in phytoplankton biomass; but it is probable 
that its ff ct is being masked by turbidity. 
The next step in analysing the system is to attempt to find out 
½h . ch PL s are operative when the effects of turbidity are removed. This 
is done by replacing areal production estimates with estimates of maximum 
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primary production (in the layer of water in which light does not 
limit the rate of photosynthesis) in the regression analyses. Under 
turbid conditions this layer is shallow and it is quite possible that 
none of the bottles in a carbon-14 measurement would be at an approp-
riate depth. In the present analysis the mean of production measure-
ment at O and O.lm depths was taken as an estimate of maximum production. 
The technique produces an underestimate but in view of the rapid 
attcntwtjon of Jjght in LBG an<l the frequent oc c1irrcnc o f s urf.Jee' 
intl"il>..ition ph ' II 111 ·na ( s ec: Appendix A) it i ~; con s i<lcru<l th,Jl the c s ti111all.! 
would at least he consi s tent relative to actual max..irnuni production. 
Analysis of this estimate (Table 3.10) shows that chlorophyll a 
mean temperature, and dissolved zinc are the three factors with which 
it 1s most strongly correlated. The high correlation with temperature 
1s to be expected since the rate of light saturated photosynthesis may 
be temperature dependent (though independent under conditions of light 
limitation; Fogg 1968). Temperature may also affect production via 
biomass. 
Table 3.10 Regression analysis of field observations in Lake 
Burley Griffin, 1972-73. Dependent variable: 
M . . d . ( C - 3 h -l) ax1mum primary pro uct1on mg . m r. . 
Independent Intercept Regression t - value 
Variable Coefficient (probab i 1 i ty) 
Mean Water 
Temperature (OC) 
-2.87 1.243 5.049(<.001) 
Dissolved Zn (ppm) -22.38 
-93.673 2.651(.02-.01) 
Chloro~hyll a (mg m-) 6.234 2.468 5.606(<.001) 
R2 
.389 
.149 
. 440 
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Chlorophyll a is more closely correlated to maximum primary 
production th n is algal volume. This is to be expected under conditions 
of excess light. Another important correlation was with dissolved zinc. 
This is consistent with earlier analyses and indicates that the 
correlation is not an artefact of changes in turbidity (although turbidity 
has been shown to be one of a number of factors which influence the level 
of zinc in LBG - see Section 5). 
Table 3.11 Regres sion analysis of field observations in Lake Burley 
Griffin, 1972-73. Dependent variable: ¢v 
max 
Independent 
Variable 
Intercept Regres sion t - value 
Chlorophyll a Content 
of Phytoplankt.on 
(mg . ml - 1 ) 
Secchi Disc Depth 
(m) 
Dissolved Zin (ppm) 
-.002 
.023 
.041 
Coefficient (probability) 
4.153 4.786( <.001) 
.01 2 3 .464( <.001) 
-.068 2.836( < .001) 
.310 
.190 
.136 
The analysis now proceeds to examine the rate of maximum primary 
production pr unit biomass (¢ max). ¢v is correlated to chlorophyll a 
max 
per unit volume of phytoplankton and (negatively) to dissolved zinc levels. 
Both of those effects w re seen in the previous analysis (Table 3.11). It 
is reasonable to suppose that, under conditions where light is not limiting, 
the productivity of a unit of phytoplankton will depend on the amount of 
chlorophyll it contains. The degree to\ hich the ratio of chlorophyll to 
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volwne refl ec ts the physiological condition of the phytoplankton is not 
known. It did not appear as a significant correlate in analyses of the 
biomass subsystem (see Section 4.31). Regression analysis revealed that 
it was marginally related (inversely) to t emperature (0.1 > P > 0.05) 
and the ratio of total radiation on the day of observation with that on 
the previous day (0.2 > P > 0.1). The latter may indicate an effect of 
recent "light history" on the organisms. 
,., C 
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11 e regr ssion techniqu s emp loyeJ in this study are very 
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similar to those used by Goldman et al . (1968) in a study of the 
planktonic ecosystem of Lake Maggiore. Howe er, the analytical approach 
employed in that study differs considerably from that used in Section 3.4. 
The Lake ~1aggiore study followed the general approach of applying cluster 
analysis to group environmental variables according to the degree in which 
they were correlated. From each of these groups one parameter was selected 
to form (12) independent variables which were then used in a step-wise 
multiple regression analysis with phytoplankton productivity as the 
dependent variable. 
Tl1is technique employs the potential of r egression analysis to 
the full in maximising the predictive po\ er of the fina l regression equation 
- R2 = . 909 for the 12 variables - by ensuring the maximum independence 
amongst the "independent" variable s used. f-lowe er it tend s to treat the 
1
'primary pro uction system" as a black box, providing an accurate means of 
relating inputs to output but without, neces sarily, indicating how they 
were related in nature. 
he present study has forfeited predictive po er , by paying min irr al 
att ntion to correlation betwe en environmental factors, in an attempt to gain 
a higher degree of exp l anation. 
Sec tion 3 .4 was aimed at progressively breaking dov.n the primary 
production syst ·m 1 to the component par t s and analysing the r e l ationships 
found a t each step . It now rem is to fit the components back into place, 
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together ith the results of those analyses. B cause no definite conclus-
ions in respect to causal relationships can be drawn from what is basically 
a statistical analysis, the following discussion is more in the form of an 
hypothesis or a tentative verbal mode l. The construction of an hypothesis 
implies that experimenta l verification will be undertaken. This is true 
only to a limited extent (e.g. Section S) and testing must be left largely 
to future studies. 
The results indicate the artificiality of treating biomass and 
production as separate systems, as measures of one were always significantly 
corre lated with measures of the other in the present study. The most 
onvenient point to break this closed system is at the rate function for 
primary production (see Figure 3.6), since it is likely to be effectively 
instantaneous, allowing a realistic estimate of production per unit biomass 
from the field data. Thus, the hypothesis should be developed from that 
point , in the following discussion. 
Throughout most of the water column of LBG, or any lake of 
reasonable d pth, the productivity of phytoplankton is limited by attenuation 
of light. Altl1ough light attenuation may be a direct result of biological 
activity in some cases (e.g. Gan£ and Viner 1973) in LBG it resulted prim-
arily from turbidity caused by suspended abiogenic material. Thus, no 
fe dback exist d between phytoplankton produ tion (via biomass) and light 
att nuation. 
Photosynthesis is the result of a number of biochemical reactions 
only some of which requir light (Fogg 19 68). Consequently, in a wat er 
column, three types of limitation may be imposed. The first, light 
limitation, has already been discussed and operates where the level 
of light is greater or less than the range which allows the organism 
to capture at least as much light energy as can be used in the "dark" 
reactions of photosynthesis. The second type i~ limitation of dark 
reactions which operates under conditions of optimum light. Temper-
ature may function in this way, photochemical reactions bejng in sen-
s itive to temperature change. The third type of factor limiting th e 
productivity of a phytoplankton unit is one which operates over th e 
whole range of light conditions , pres umably either by affecting both 
light an<l dark reaction_, of photos ynthes i s or l>y Llltcring s ome oth e r 
phy s iological s ys tem - e.g. membrane permeability or chl orophyll 
sy lltl1 •s i s . Zjnc poJut ion mny be or thi s third type (sec Sec tion '.>). 
The regression analyses (see Section 3.42) showed tha t 
phytoplankton productivity was related closely to light attenuation 
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(as measured by Secchi disc depth) and zinc concentration. Temperature 
was also related to some extent but this appeared to be mainly 
through its effect on phytoplankton biomass. The amount of 
chlorophyll a per unit of biomass was also correlated with~ both 
at optimum light intensities and in the total water column. 
As previously stated, biomass (either phytoplankton volume 
or chlorophyll a) was closely correlated with observed levels of 
primary production, expressed either on a daily, areal basis or 
per unit volume of "maximum production" zone per hour. 
Dissection of the biomass suhsystem is complicated by the 
/. 
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variable time elements involved in its cause and effect relationships. 
A qualitative analysis of the "dominance structure" of the phytoplankton 
community indicated that the effects of many environmental factors on its 
total biomass may be buffered by induced changes in the species composition 
of the phytoplankton community. Thus, if an environmental change is to 
elicit a significant response in total biomass it may have to occur at a 
rate greater than that with which species favoured by the new regime can 
replace those less well suited, or extend into a range which favours none 
of the species present at that time to the same extent as the original 
conditions . Relationships which vary according to rate of change and the 
conditions of the system at any time are beyond the scope of regression 
analysis. 
The examination of dominance structure implied that a number 
of environmental factors , including the supply of nutrients, were 
instrumental in inducing changes in species composition. These were not 
changes reflected in the analysis of total biomass data. 
One change in species composition which had considerable 
repercus sions in the system as a whol e was the appearance of buoyant algae 
as dominant species . Their appearance coincided with an increase in 
throughput of water bringing with it increases in nutrients and zinc 
pollution. Laboratory experiments (see Section 5) verify that Botryococcus 
and Volvox (in particular) are resistant to zinc , and it is possible that 
they require relatively high l evels of nutrients. 
The resultant increase of phytoplankton biomass near the surface 
of the lake was correlated with an increase in the numbers of some 
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zooplankters - 1n particular Daphnia carinata and Ceriodaphnia qua@angula. 
If their numbers were related to phytoplankton biomass it is 
reasonable in turn to assume that they were responsible for a degree of 
grazing pressure on the algae. The pressure is likely to be the more 
intense because the algae form an "artificially" concentrated food resource 
for the zooplankton and because regulation of their vertical position in 
the water subjects them to similar horizontal movements to those of the 
crustaceans. 
For the maJor part of the study, however, the phytoplankton 
remained fairly uniformly distributed through the water column. Under 
these conditions the rate of accretion of phytoplankton biomass appeared 
to be regulated by temperature and factors more directly related to primary 
production: light attenuation and zinc concentration. During this period, 
the rate functions controlling primary production and biomass did not appear 
to be limited by concentrations of nutrient elements. 
In conclusion, the main regulating factors can be combined into 
the following simple hypothesis regarding the control of the primary 
production system in LBG:-
Throughout 1972 and the first half of 1973 light attenuation 
caused by suspended abiogenic material was mainly responsible 
for limiting planktonic primary production. It was further 
reduced on occasions by the presence of zinc pollution. Some 
reduction in turbidity occurred in summer and autumn 1972-73 
when, although phosphorus and nitrogen reached their lowest 
levels, phytoplanktonic production reached a maximum for the 
period of the study. In winter and early spring of 1973 the 
C 
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level of turbidity increased along with relatively large 
inputs of phosphorus, nitrate-nitrogen, and zinc (all related 
to heavy rains following a long dry period). During this 
period a zinc resistant, buoyant phytoplankton appeared. As 
.u h it was abl to tak full a<lvant.:i ge of th e " cutrophic " 
condition of the water though under grazing pressure from 
cladoceran zooplankters - reaching carbon assimilation rates 
cquival nt to 70 mgC m- 3 ln·- 1 and chlorophyll a concentration s 
of nearly 20mg m- 3 • These levels are typical of tho se quoted in 
the literature for eutrophic lakes (Vollenweider 1968 , Sakamoto 
1966 ). llo\vever they were operative only .i.n the upper few 
centimetres of the lake. The integrated areal productivity 
for the period was less than that in the previous summer by 
a smaller, more homogeneous, phytoplankton community in less 
fertile but also less turbid water. Turbidity is a factor of 
overriding importance in the ecology of LBG. 
4.1 
SECTION 4 LIGHT 
4.1 INTRODUCTION 
Solar radiation reaches the water surface as electro-
magnetic energy in the spectral range, 285 to 3000 nm (approximately). 
Light, that component detected by the human eye (380-780 nm), 
comprises approximately half of this energy (Strickland 1958). 
At the water surface some of the light is reflected. 
Fresnel's law describes reflection of light as a function of angle 
of incidence and the angle of refraction. However, this function 
refers to a single beam of monochromatic light. In nature neither 
condition holds. In addition to direct solar radiation approxim-
ately 20% of incident radiation (on clear days) arrives at the 
surface as sky light - radiation from the sun which has been 
scattered by the atmosphere (Hutchinson 1957). Anderson's (1952) 
estimates of reflection (and backscattering) have been discussed 
in Section 2.4. They range from 5% for high solar angles to over 
30% for solar angles less than 10°. 
As it passes through water, light is absorbed by three 
factors. Water, as pure H20, is highly absorbent for long wave 
radiation. All radiation above 1000 run is absorbed in 10 cm of 
water (Westlake 1965) and at 740 nm 88.5% m-l is absorLed 
(Hutchinson 1957). Even at 600 nm nearly 20% is absorbed per 
metre (Hutchinson op. cit.). 
C 
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Although pure water is transparent to short wave light, 
substances in solution (particularly phenolics and other organic 
material) absorb strongly in this region (Foster and Morris 1973, 
also Section 4.3). Thus clear (e.g. filtered) natural water tends 
to absorb radiation at both ends of the visible spectrwn allowing 
only light in the middle range (around 500-600 nm) to penetrate 
to any depth. 
The passage of light through a water body is further 
impaired by suspended particles. These absorb some light, transmit 
some, and deflect the rest. Absorption by suspended particles 
may -be wave-length selective, as in the case of phytoplankton, 
but is often virtually neutral. Deflection, or scattering, 1s 
independent of wavelength (Hutchinson 1957). It influences 
light transmission by increasing the mean path length of light 
reaching a given depth thereby magnifying the propensity of the 
absorptive components for changing the quality and quantity of 
light. 
The total effect, in relation to depth, is referred to 
1n the present study as attenuation, avoiding problems of 
interpretation associated with more narrowly defined terms 
(Westlake 1965). 
The Bougner-Beer law has been adapted and used widely 
to describe light attenuation in natural water. The law 
originally applied within strict limits to the effects on 
monochromatic light of dissolved substances as follows: 
-acl I 1 = I 0 (log base) 
where I 1 = light intensity at a depth equivalent to 1 
I = light intensity immediately below the surface 
0 
a = specific diminution coefficient for the particular 
solute (wavelength) 
c = concentration of solute 
1 = path length of light passing through the solution. 
In the form used to describe natural waters the equation 
is considerably modified to become (using e as the base) 
I = I 
Z 0 
-nz e 
where z = depth 
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n = general extinction coefficient (usually representing 
the combined attenuating capacity of water plus 
dissolved and suspended material and for all 
wavelengths). 
Hutchinson (1967, p. 383) presenttd one expression aimed 
at refining this broad generalization by separating the 
extinction coefficients applying to the three major components 
of attenuation. Thus, assuming them to be additive, he arrives 
at 
n = n + n + n W p C 
C 
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being the sum of extinction coefficients related to water, 
suspended particles and dissolved substances respectively. Thus 
he derives the expression: 
I 
z 
= I 
0 
e 
-n z w 
e 
-n z p -n z C 
e 
which can be simplified to 
-(n + n + n )z W p C I = I e Z 0 
If attenuation by suspended particles is achieved mainly 
through scattering rather than absorption then the equation does 
not hold. The extinction coefficient n 1s really a function p 
of the other two coefficients and increased path-length. (In 
this context the value z in the power function, strictly, refers 
to path-length rather than depth). Thus the equation becomes: 
I 
z 
= I 
0 
-(n + n )zp W C e 
where p 1s the proportion by which scattering increases path 
length relative to depth. 
It can be seen from this expression that the significance 
of a unit change in suspended material will vary with changes in 
the other attenuating factors (e.g. dissolved organic material). 
This interpretation could easily be tested experimentally. 
Estimates of n have been used to describe natural waters 
(e.g. Vollenweider 1961). This is satisfactory providing the 
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limitations of the approach are recognised. As n is wavelength 
dependent, identical values could be obtained for waters with 
different optical properties. (Vollenweider minimised this by 
using mean values for three strategically selected wavelengths.) 
Therefore, whilst n may be a reasonable parameter for comparing 
temporal variations in a given lake, it may be dangerous to use 
it to compare different lakes. 
Because it is wavelength dependent and therefore depth 
dependent (Smith 1968), the use of n for the discussion of depth 
related processes is also limited. -
Despite its obvious shortcomings, calculations involving 
a single, conglomerate, extinction coefficient are adequate for 
most biological studies - particularly in view of the variability 
of sensing and measuring equipment and the lack of information 
on biological response to different light regimes (see Section 
4.2). In the absence of this, Smith (1968) recommends that n 
be calculated in terms of the total energy between 350 and 700 nm. 
With the availability of more sophisticated field 
equipment there is a trend towards direct measurements of depth/ 
attentuation data. Several studies, including the present one, 
have measured the spectral composition, and quantity, of 
underwater light (e.g. Kampa 1970, Spence et al. 1971). 
However at the present level of photobiological knowledge under 
field conditions, this level of sophistication is probably 
unnecessary except as part of a study of freshwater optics per se. 
4.2 PHYTOPLANKTON AND LIGHT 
The degree to which phytoplankton are able to use avail-
able light depends on interactions between the organisms and 
the light regime, at two levels. The first is the degree to 
which phytoplankton can adapt to utilize a maximum amount of 
the available light. The second is a combination of the 
vertical light gradient(= rate of attenuation) and the speed 
at which the plankton move vertically through the water column. 
The first can be viewed as being mainly related to spectral 
composition. The second is mainly- an intensity effect. 
4.21 Spectral Composition 
In most natural waters, light from both ends of the 
visible spectrum is absorbed preferentially (Section 4.1). 
These are also the wavelength bands which directly activate 
chlorophyll a (400-480 nm and 600-700 nm, Fogg 1968). Thus 
light attenuation relative to chlorophyll a absorption is 
considerably steeper than that for total visible light. 
However the phytoplankton as a group possess a large number 
of pigments in addition of chlorophyll a. Those which act 
as accessory pigments either as part of photosystem II or 
as part of energy transfer systems are listed in Table 4.1 
(see Halldal (1970) for a review of pigment function). 
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The presence of this array of pigments implies two 
possible levels of adaptation to prevailing spectral conditions: 
physiology and community structure. 
Table 4.1 Distribution of accessory pigments amongst 
major algal groups (after Halldal 1970). 
Group Chlorophylls Carotenoids Bili proteins 
Bacillariophyta ~ cl, c2 fucoxanthin 
Chlorophyta ~ b unidentified 
Cyanophyta a phycocyanin 
- phycoerythrin 
allophycocyanin? 
Euglenophyta ~ b 
Phaeophyta ~ cl, c2 fucoxanthin 
Pyrrophyta ~ c2 peridinin 
Xanthophyta a 
-
? 
Considerable evidence exists to support the possibility 
of physiological adaptation. Variations in pigment ratios have 
been shown to occur in a unicellular red alga in response to 
variations in spectral composition (Yocum and Blinks 1958). 
Jupin (1973) cultivated a diatom, Detonula sp., under 
red light and induced a change in chlorophyll ratios which was 
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coupled with changes in the protein composition of the chloroplast 
membrane. As the treatment ran for 8 days the adaptation may 
have occurred over several generations. Fogg (1968) reports 
changes in the ratio of two biliproteins occurring after three 
minutes exposure to different wavelengths in the case of a blue-
green alga, Tolypothrix tenuis. 
There appears to be no evidence of species composition of 
planktonic communities being influenced by spectral composition 
of light. The sensitivity to a wide range of wavelengths, 
afforded by various combinations of pigments and the inherent 
variability of their light climate, reduce the likelihood of 
spectral composition being a significant determinant of 
phytoplankton composition. 
One adaptation which might bestow some specific advantage 
is the use of photosynthetically inactive carotenoids to filter 
possibly-hannful shortwave radiation (Halldal 1970). 
4.22 Light Intensity 
In any water body of sufficient depth light intensity 
will range from near full sunlight (minus reflection) to levels 
insufficient to support photosynthesis. The light intensity, 
and the rate of change of intensity, experienced by 'neutrally 
buoyant' phytoplankton will depend both on the steepness of the 
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light gradient and the turbulence characteristics of the water. 
Thus, in the extreme case, individual phytoplankters are subjected 
to cycles of near-dark to near-full sunlight a nwnber of times 
per day. Adaptation to changes in light intensity may take the 
form of variations in the amount of chlorophyll per cell (Fogg 
1968) and the ratio of chlorophyll a to chlorophyll b (Halldal 
1970). Kiefer (1973), using a marine diatom, showed that the 
shape and position of chloroplasts changed in response to light 
intensity. On exposure to bright light, the chloroplasts 
contracted (complete in 4 minutes) and aggregated (incomplete 
after 30 minutes). They returned to the base state 30 minutes 
after the reduction of light intensity. Swift changes of this 
nature could enable phytoplankters to adjust to light variations 
at least through part of the water column (cf. Harris and Lott 1973). 
Under stable marine conditions it 1s possible to find 
phytoplankton from different depths with different light intensity 
optima (Fogg 1968), but in a shallow lake such as LBG vertical 
movement would probably preclude adaptations such as short-term 
changes in chlorophyll concentrations. However, long-term 
adjustments could be important 1n seasonal changes and adaptations 
to the 'average' light climate of the lake. 
Other reactions to changes in light intensity, such as the 
eff ct of short-duration (a few seconds) flashes of light and 
one-minut cycles of light/dark. They do not appear to have 
direct relevance to the field situation. 
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4.3 LIGHT ATIENUATION IN LAKE BURLEY GRIFFIN 
4.31 Measurement 
Throughout 1972-73 regular measurements of Secchi disc 
depths were made using a 20 cm diameter disc, quartered in black 
and white. A water telescope was not used in the observations 
but they were always carried out on the shaded side of the boat. 
During 1973 a more sophisticated device, an IRD Quantaspectro-
photometer, became available. Its output consists of a spectral 
-1 profile in the range of 405 to 720 nm, expressed as quanta sec 
-2 cm It was used in conjunction with the Secchi disc for the 
latter half of 1973. A typical depth profile for LBG, 
measured by the IRD instrument, is presented in Figure 4.1. 
From 16 observations, the total light (405-720 nm) at 
Secchi disc depth was 10.75% of the measurements immediately 
subsurface (range 9.6% - 11.3%). Although this was not carried 
out over a large range of Secchi disc depths (0.51 - 1.73 m), 
it is probably a sufficiently reliable estimate to allow 
extrapolation to Secchi disc depths throughout 1972-73. Under 
this assumption, the depths of 1%, 10%, and SO% light penetration 
have been calculated according to the formula: 
where z = depth of penetration of I ~roportion of surface lightj y y 
zs = Secchi disc depth 
and are presented in Figure 4.2. 
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Fig. 4.2 Depth at which light penetration is 50, 10 and 1% 
of surface intensity, Lake Burley Griffin 1972-73. 
Calculated from Secchi disc depth. 
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4.32 Components of Attenuation 
In any freshwater body light attenuation results from the 
presence of dissolved organic substances, plankton and suspended 
material 1n conjunction with water. As the contribution of water 
is fixed, variations in light attenuation must be controlled by 
the remaining three components. Information regarding their 
relative importance is necessary to understand this control. A 
statistical analysis of field observations with Secchi disc 
depth as the dependent variable and suspended solids, dissolved 
solids, algal volume, and chlorophyll a concentration as 
independent variables revealed that suspended solids was the 
only variable to be significantly (R2 = .693; P < .001) correlated 
to Secchi disc depth~ (It should be noted that, 1n a separate 
analysis, phytoplankton biomass was marginally correlated with 
Secchi disc depth during the last half of 1973: see Section 3.41.) 
The implication is that 69% of variations in Secchi disc depth 
can be explained in terms of changes in suspended matter. 
Some information can be gained from simFle spectrophotometri c 
measurements of filtered samples. A Perkin-Elmer scanning 
spectrophotometer was used in the experiment. An unfiltered lake 
water sample and samples filtered through washed 8 µm (mean 
pore size) and 0.45 µm Millipore filters were measured in 1 cm 
path-length cuvettes with distilled water as control. The 
results (Figure 4.3) indicate that particles which failed to pass 
a .45 µm filter were responsible for approximately 95% of the 
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April 1973 (secchi disc depth 1.7 m) 
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difference in light transmission observed between distilled water 
and unfiltered lake water. The use of distilled water as a 
reference precludes the measurement of attenuation by water 
itself. 
This is a considerable overestimate of the importance of 
large particles. The spectrophotometer treats as 'lost' all 
light deflected from the straight path between the light source 
and receptor. Under natural conditions, light scattering from 
surrounding areas tends to compensate for light lost from a point. 
The experiments were carried out using water 1n a plastic 
photographic developing tray which had been painted no~-reflecting 
black. A hole was cut in the centre and resealed with a thin 
(.04 mm) layer of polyethylene sheet. When in position for light 
measurements the tray was set with the 'window' of the 
quantaspectrophotometer against the polyethylene sheet. Light was 
provided by a Philips 400W mercury vapour lamp hung abcve the 
tray. 5 -2 -1 It delivered approximately 26 x 10 quanta cm sec at 
the water's surface. 
Observations were carried out beginning with 1 litre of 
the most concentrated suspension of algae. After each light 
measurement, the sample was removed from the tray, diluted with 
distilled water, and 1 litre returned to the tray. Finally, a 
'baseline' measurement was made using 100% distilled water. 
The results are presented in Figure 4.4 as percentage 
of the quantity of light observed to pass through an equivalent 
depth of distilled water. Botryococcus exhibits an absorption 
pattern typical of Chlorophyta with strong absorption in the 
blue and red wavebands. Throughout these experiments the depth 
of water above the light meter was approximately 1 cm. There-
2 fore the surface area of the tray was approximately 1000 cm 
0.1 m2 . It follows that the amounts of chlorophyll (mg) per m2 
of surface represented in the treatments are ten times the 
-1 concentrations expressed in µgl , i.e., 6.36, 63.6, 127.2 and 
-2 254.4 mg m respectively. 
Assuming that light attenuation by phytoplankton is 
entirely through absorption then, from the Bougner-Beer law 
4.13 
(see Section 4.1) attenuation by a given quantity of chlorophyll 
(as distinct from concentration) is independent of pathlength. 
The above absolute quantities, if assumed to be distributed over 
lm depth, become equivalent to concentrations (in mg m- 3), and 
the natural log of the proportion of light transmitted is the 
negative of the extinction coefficient of plankton for the 
particular wavelength. Attenuation over the 405-720 nm 
waveband can be estimated from Figure 4.4 by planimetry and the 
results combined with the chlorophyll determination to estimate 
n for the visible spectrum. The estimates are: .0104, .0128, C 
-3 
.0097 and .005 per mg Cham . (Presumably self-shading 
effects have seriously reduced the absorption per unit of 
phytoplankton at higher concentrations.) 
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The minimum value for n in LBG during 1972-73, assuming 
Secchi disc depth represented the depth of 10.75% light 
penetration, was 0.86 (= (-log 0.1075) / 2.46). Thus, even 
had maximum biomass (eg. 10 mg Cha m- 3) coincided with 
minimum turbidity, phytoplankton would have contributed only 
a small part (10-14%) towards light attenuation. 
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This conclusion is supported by measurements and theoretical 
evaluations by Dr J.T.O. Kirk, CSIRO (personal communication). 
4.4 CONCLUSIONS 
Excluding buoyant species, the light-climate of 
phytoplankton in LBG during 1972-73 could be summarised as 
follows. Light intensity decreased steeply with depth. The 
vertical position of phytoplankton was varied continuously by 
water turbulence, gravity etc. The combined effect is that 
phytoplankton experience relatively rapid changes in light 
intensity. Although they are capable of some rapid adjustment 
to these variations, most adaptations are on a .longer time-
scale (e.g. acclimatisation, natural selection). As a result, 
whilst adjustment can be made to some kind of average (or 
total situation, phytoplankton probably spend a large proportion 
of the time in non-optimal light conditions. It is reasonable 
to suggest that the more rapid and more extreme are the 
fluctuations in light intensity, the less effective will be 
the phytoplankton's adjustment to the overall regime. If this 
is the case then suppression of primary production by turbidity 
C 
will act to reduce the ability of the phytoplankton to 
maximise production in relation to the available light. 
A third effect is also possible. If high turbidity results 
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in ' shade' adaptations such as lower levels of non-photosynthetic 
carotenoids (used in protective filters; Halldal 1970), then 
'surface inhibition ' may be more severe. The converse of these 
effects can be viewed as factors favouring the relative increase 
of buoyant species. 
The above discussion is highly speculative. Although 
amenable to laboratory experimentation, much of it is beyond 
field testing for the moment. A field experiment which might 
produce valuable information could be carried out in 
conjunction with standard carbon-14 incubation measurements as 
follows. Inoculated light and dark bottles could be moved 
vertically through the euphotic zone and the production 
estimates thus obtained, compared with areal estimates 
obtained from the moored bottles. The comparison may give· 
some indication of the detrimental effects of restraining 
samples in one light field (Strickland 1965). By testing 
several rates of vertical movement, it may be possible to test 
for the existence of an optimum rate of circulation and 
determine if this optimum changes with turbidity. 
SEC'l.'ION 5 ZINC POLLUTION 5.1 
5.1 INTRODUCTION 
The Molonglo River,one of the main inflows to LBG, is heavily 
polluted with mine wastes containing copper, lead, zinc, iron, cadmium 
and manganese. Zinc, iron and manganese only are at detectable 
concentrations (> O.OO5ppm) in water entering the lake, and zinc alone 
exceeds the concentration recommended in Australian water quality 
standards as the critical level above which further investigation is 
required (O.lppm; Hart 1974). The weighted mean concentration in water 
entering LBG from the Molonglo was O.22ppm during 1972-73, compared with 
a mean concentration in the lake of O.O43ppm (see Section 2.5). 
Field measurements of planktonic primary production show a 
correlation between phytoplankton photosynthesis and the concentration 
of zinc in the water (see Section 3.4). The experiments reported here 
were to elucidate the relationship between zinc and photosynthesis, and 
examine other possible effects of zinc on productivity. General 
consideration 1s given to the dynamics (present and future) of heavy 
metal pollution in LBG. 
Although studies of heavy metal pollutio~ have been made for many 
years (e.g. Abbott 1924; Carpenter 1925; Ellis 1937), their frequency, 
not surprisingly, has increased considerably in the last decade. Mercury 
(e.g. Knauer and Martin 1972; Goldwater 1971; Fagerstrom and Asell 1973) 
and lead (e.g. Chow 0t al., 1969), both of which have presented major 
human health problems, have been the main targets for research. 
As a pollutant zinc exhibits similar potential to the other 
C 
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heavy metals. It is toxic to a large number of organisms (Skidmore 1964; 
Thorp and Lake 1973), particularly juvenile stages (Lloyd 1960), and 
often at very low concentration (Weatherley et al. 1967). It is cycled 
slowly through both individual organisms and food webs (Reichle et al. 
1970), and consequently is progressively concentrated as it passes 
through food webs. 
Oq~unisms vnry greatly both wjth _in species (Bradshaw l970) and 
l1ctwcen taxu tSkidmoro 1964) Jn their susccptlbllity to zinc conccntrat-
1ons. Th few studies involving natural communjtics (Carpenter l924; 
Jone s 1940, 1941; Hynes 1960; Weatherley el al. 1967; Thorp and Lake 
1973) support this conclusion. The reasons for these differences are 
mostly unexplained, although it is known, in some cases, that different 
mechanisms of toxicity are involved. For example, fish (Skidmore 1970; 
Burton et al. 1972), and possibly other organisms with external gills 
(Korringa 1952), are killed by hypoxia following zinc-induced breakdown 
of the gill tissue. 
The toxicity of a given zinc concentration is dependent on the 
relative concentrations of other ions. The presence of other heavy 
metals has been found to have a synergistic effect on zinc toxicity. 
Skidmore (1964) refers to data of Brandt (1946) which show that cadmium 
added to zinc produces an additive effect in terms of toxicity to fi sh, 
that nickel is synergistic with zinc and that copper is strongly 
synergistic. The copper-zinc mixture was up to 5 times more toxic than 
would be predicted from administering the metals individually. Lloyd 
(1961) found that copper had an additive effect below 0.3ppm and was 
synergistic with zinc above that concentration. Salts of alkaline earth 
metals, on the other hand, tend to reduce the toxicity of heavy metals 
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(Jones 1939; Lloyd 1960). Thus, zinc appears to be less toxic 1n hard 
than in soft waters.* 
The effects of relative 1on1c composition on zinc toxicity 
1s complicated by differences in the chemical species which zinc forms 
1n natural waters. Weatherley et al. (1967) demonstrated that levels 
of ionic zinc may decrease to as little as 30% of the initial 
concentration four days after the commencement of laboratory toxicity 
triul s . R duction of ztnc 10n concentration due to bonding will be 
discus sed in ection 5.2. It should be noted here, however, that except 
where zinc concentrations have been monitored carefully, toxicity trials 
lasting more than about a day should be considered as underestimating 
the effects of zinc. 
There are a number of methods of assessing and quantifying the 
toxicity of pollutants. The most common is the "lethal dose" (or 
concentration) method which estimates the amount of toxin required to 
kill a proportion of the organisms (usually 50%) 1n a set time (usually 
96hr). The lethal dose technique has the advantage of giving estimates 
which relate directly to mortality and which are simple to measure and 
interpret. However, survival involves a large number of processes, and 
reaction to the toxin is likely to depend on the physiological state 
of the organism. The results of lethal dose trials are not likely to 
be more than an approximate guide for field conditions - particularly 
* The water of LBG 1s soft; 
was 72ppm. 
mean total hardness for 1972-73 
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if only a few individuals are tested or if only one (usually adult) of 
a number of possible developmental stages is tested. Several other 
parameters have been used to assess toxicity. They include the rate of 
mineralization by microorganisms (Albright et al. 1972), the rate of 
photosynthesis 1n algae (Steeman Nielsen and Wium-Andersen 1970), rate 
of cell divj ion in algae (Whjtton 1970) and, in large an:imals, 
hi . tol gic,11 chanj! c · (Skit.lmonJ 1!) 70). /\ :' SC. !; rn ent u s in ~~ ~;i llJ.! l c 
phy ~ iuloP,i (';J I rro ce ss u~; nl low tho s tut.ly or lowe r, nu/J- l f' lhu l, l c vc J:· 
of pol 1.uti on. Because expos ure to th e pollutant ncc <l only be hour s , 
probl ms of dccreas:i ng concentrat:ions (see above ) arc great ly redu ced . 
Recent detailed studies in Tasmania (Tyler and Buckney 1973; 
Thorp and Lake 1973) demonstrated that trout avoided reache s of the 
river in which zinc concentrations in water were considerably below 
the lethal level for adults. Thus, under natural conditions, the actual 
effects of zinc pollution may extend further than any of the laboratory 
tests would indicate. 
s.s _ 
5.2 ZINC IN LAKE BURLEY GRIFFIN 
5.21 Background to the problem 
The ultimate source of heavy metal pollution in LBG is the 
now-defunct mining operation at Captains Plat some 60km up s tream from 
LB G ( s c F i g u r c S . 1 J . Th f o l l ow i n E h r i f Ii i s to r y i s c omp i I c <l 111 ,J i n I y 
from W ·athcrlcy e t al . (1967). 
Or hodic s containing copper, lead, z inc, s ilver and gol<l, 
were discovered at Captains Flat in 1874. Mining commenced in 1882 and, 
before closure in 1899, 208,000 tonnes of ore were smelted for copper, 
silver and gold. In 1939 mining recommenced and the ore was milled for 
copper, lead, zinc, pyrite and gold. The second operation ceased in 1962. 
Pollution from Captains Flat was first reported in 1911 when 
an investigation on behalf of the New South Wales Government revealed 
that acid waste-water was discharging into the Molonglo River at a rate 
of approximately 0.19 1 of free sulphuric acid hourly. The effects of 
pollution may then have been restricted to the upper reaches of the river, 
as Weatherley et al. (1967) claim that the Molonglo was esteemed as a trout 
stream as late as 1938. Since then, acid water, originating either as mill 
waste, runoff from waste dumps, or as ground water leaking from flooded 
shafts, has been flowing into the Molonglo. This water, containing high 
levels of dissolved heavy metals, has constituted "background" pollution 
to the river. It has been augmented considerably by the following three 
incidents: 
Fig. 5.1 Locality map showing Zn pollution sources 
·' 
in relation to Lake Burl ey Griffin. (After Weatherley 
et al. 1967). 
Lake 
Burley 
Griffin 
0 
Scal e 
10 km 
Carwoola 
Flats 
Captains 
Flat 
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In August 1939, the wall of a settlement pond collapsed 
releasing mill water and tailings directly into the 
Molonglo. This caused minor flooding along the river with 
concomitant destruction of vegetation (probably due to the 
acidity of the water) and some deposition of heavy metals 
on the flood plain immediately downstream. 
In July 1942, an estimated 30,C>OOm 3 of a Jump of solid mine 
wastes collapsed into an<l around a small re servoir, so uth 
of Capta1ns Flat. The resultant flash-floo<l ca rri ed lurge 
quantities of solid material, depositing it in the river 
bed immediately downstream. 
111 1945, extensive flooding carric<l thj s an<l furth er 
material from the mine to the flood plain approximately 
20km downstream. Here large quantities of solid waste 
material were deposited, killing extensive areas of pa·sture. 
The damage is still quite apparent in 1974 despite heavy 
applications of lime to the affected soil. 
There have been no catastrophic inputs of zinc since 1945. 
However, runoff from solid waste dumps, water used in processing, -ground 
water from shafts has maintained a steady influx of pollutants to th e 
Molonglo. The situation has probably been aggravated by the deterioration 
of tailings dumps and the flooding of shafts since the mine was closed in 
1962. 
In January, 1974 a meeting of Ministers of the Australian and 
C 
1. 
New South Wales Governments established a Joint Government Technical 
Committee to enquire into the problem and recommend remedies. The 
' committees findings were made public in August, 1974 (Anon. 1974) -
and will be discussed later in this section. 
Table 5.1 Estimates of the distribution of zinc load from 
Captains Flat 
Site 
CAPTAINS FLAT 
Waste dumps 
- Mine 
MOLONGLO RIVER 
- Flood plain 
- Water 
- Sediment 
LBG 
- Water 
- Sediment 
* Weighted mean 
Concentration 
(ppm) 
1200 
0.8* 
900 
0.043 
1100 
** per cm depth of sediment 
Quantity 
(Kg) 
31,600Xl0 3 
540 
22 100** , 
1,400 
98,600** 
Remarks 
No estimates 
available 
No estimates 
available 
Assuming river 
dimensions are 
60 Km long, 7 . 5m 
wide, 1.5m deep 
As above 
The system which eventually results in noxious concentrations 
of zinc in the water of LBG can be summarised as follows. There are three 
5. :8 
prima:ry sources of pollution, all areas in which large amounts of ore or 
mine wastes are deposited. These are the mine at Captains Flat, the bed 
of the Molonglo below Captains Flat, and the flood plain at Carwoolla. 
The bed of the Molonglo, below Carwoolla, and the sediments of LBG are 
seconda:ry sources: deposits of zinc gradually accumulated through chronic 
pollution. A third category is the transitional phase dissolved or 
suspended in the water. 
Table 5.1 shows estimates of th e present di s tribution of zinc 
throughout the system. Apart from zinc at the source at Captains Flat, the 
sediments in the river and lake form the maJor reserve, from which small 
amounts are transported in the water. 
5.22 Dynamics of Zinc in Molonglo System 
Before discussion of the movement of zinc through the Molonglo 
system, it is necessary to examine generally the dynamics of heavy metals, 
particularly zinc, in fresh water. This subject is complex and some relevant 
research is still in a preliminary stage (Chau 1973). As well as insolubl e 
inorganic compounds and dissolved ions (hydrated) zinc may bind to particles 
(organic or inorganic) in the sediment or water. This can take the form 0f 
complexing by the satisfaction of orbital electron shells, biological 
incorporation into organic compounds, precipitation as metallic coatings, 
and incorporation into crystalline structures. The proportion of the 
complexed zinc remaining in the water depends on particle size and the flow-
rate of the water. The particles range in size from sub-microscopic units 
which will remain permanently in the water (e.g. in the form of a sol) , to 
large pieces of material which may be carried short distances by the 
C 
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momentum of the water. Negative charges on the surface of such particles 
are capable of binding cations. Such bonds are termed ligands; particles 
forming large numbers of ligand bonds are referred to as cheZators. 
The method of zinc analysis used in the present study aims at dis-
criminating between zinc bound to particles and suspended , insoluble zinc 
compounds by filtering through HA Millipore filters (0.45µm) before Atomic 
Absorption Spectrophotometry (see Section 2.5). The pH of samples is red-
uced to 2 - 3 by addition of HCl after filtration, to prevent secondary 
complexing (e.g. to the walls of containers). This provides a measure of 
"dissolved" zinc - made up, presumably, of dissolved (ionic) zinc and zinc 
complexed to low molecular weight organic compounds. As such it probably 
represents that fraction of the total zinc immediately accessible to organ-
isms. All the species of zinc exist in equilibrium. There would be a ten-
dency to restore the equilibrium by allowing dissolved zinc to be replaced 
as it was removed by organisms. The speed with which this would be achieved 
is not known. 
In the present study, water from the Queanbeyan River and Jerra-
bomberra Creek was used in a demonstration of their ability to bind zinc. 
The concentrations of dissolved zinc in small samples was made up to 
0.5, 1, 5, and 10 ppm by the addition of ZnCl. Over a period of 20 
days, sub-samples were assayed for dissolved zinc. Periodically samples 
from the highest zinc concentrations were acidified prior to filtration to 
test if all the added zinc was retrievable. 
The results (Figure 5.2) indicate that filterable components 
present in the water of both streams are capable of removing considerable 
quantities of zinc from solution. It appears that approximately 98% of the 
total complexed zinc can be returned to solution at pH 3. Caution must be 
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used in extrapolating these results to the field. The time taken for the 
zinc species to reach equilibrium is not known and does not appear to have 
been reached in this experiment. Consequently the degree to which zinc was 
returned to the "soluble" state with lowered pH, may be a considerable over-
estimate of the field situation where slowly-formed and more stable com-
plexes of zinc may exist. 
The reason for the gradual 1ncrea.;c in conccntrat ion in the low -
zinc treatments is not clear, but is most likely due to a change in cquil-
ihrium involving cationic exchange. The pll in the samples di<l not change 
noticeably dur :i ng the experiment. 
The effect of pH was investiuated further using a water sample 
from LBG _ ·, 'fhe pH of subsamples was adjusted using NaOH and HCl to produce 
a range of pH from 2.5 to 9.6. These were filtered and the zinc concen~ 
tration measured. The results (Figure 5.3) indicate that the proportion of 
zinc complexed to suspended particles is sensitive to pH, particularly over 
the pH range observed for LBG. 
The results of analysis for labile and bound heavy metals in 16 
lakes, using differential pulse anode stripping voltarrnnetry, (Chau and 
Lum-Shue-Chan 1974) indicate a similar effect of pH, although none of 
the lakes exceeded pH 6.9. They also showed that Pb and Cu were more 
strongly bound than Zn. This agrees with the Mellor-Maley ranked order 
of ligand stability (Irving and Williams 1948). 
It has also been shown (in seawater) that the proportion of 
ionic zinc decreases in favour of insoluble inorganic zinc compounds, as 
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pH rises (Zirino and Healy 1970; Zirino and Yamamoto 1972). 
There are two remaining pieces of information which may contribute 
to this discussion of zinc dynamics. The first derives from a statistical 
analysis of chemical data for LBG water, 1972-73. A multiple regression 
analysis using dissolved zinc as the dependent variable and turhidjty, pH, 
t ,mp rn.tur, und hardne ss as inJ op(ndent varjabl os gave a correlation 
coefficient of 0.8, i.e. 80% of the observed vari.abllity in di ssolved zi nc 
may be explained in terms of changes in the other factors. This seems to 
indi nt thut the l evel of di sso Jv e<l zinc jn lake wntur j s <lut errnine<l 
within LBG - presumably through changes in the equilibriwn between zinc in 
the sediment, suspended zinc, and dissolved zinc. It must be noted, 
however, that the variables used in the analysis are not entir ely indepen-
dent and might be influenced by external factors also influencing dissolved 
zinc. 
Secondly, a chemical analysis of sediment material in the drain 
from a tailings dump at Captains Flat, the bed of the Molonglo below 
Captains Flat, and LBG sediment, from Anon. (1974), is presented in Table 5.2. 
The relative abundance of divalent metal ions changes with distance of 
the sampling site from Captains Flat. The ranking from decreasing to 
increasing relative abundance is: Pb, Cu, Fe, Zn and Cd, Cr, Mn. This 
rank is similar to the Mellor-Maley order of divalent complex stability 
(Irving and Williams 1948) which, in order of decreasing stabili ty, is: 
Pd > Cu >Ni> Co> Zn> Cd> Fe> Mn> Mg. Except i ons are the 
interchanged positions of Cu and Pb (Pb is placed below Cu by Irving and 
Williams), and the greater stability of Fe bonds than would be suggested 
by the Mellor-Maley scale. The latter is to be expected as the 
C 
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Mellor-Maley order refers strictly to divalent cations; trivalent 
cations exhibit more stable bonds than their divalent species (Irving and 
,. Williams 1948; Swartzen-Allen and Matinevic (1974). Studies of the 
exchangeability of divalent transition metal cations on clays reveal sim-
,. ilar orders to the above. Swartzen-Allen and Matinevic (1974) in an ex-
tensive review of the subject, state (p.390): "Various approaches have 
yielded the same or very simjlar orders with respect to the relative 
strength of interactions of inorganic cations with surfaces of various clays'' 
and "these trends are reflected in the preference for ion exchange of in-
rgan1c ations onto clay minerals." 
Table 5.2 Analysis of sediments. All concentrations expressed as ppm 
dry weight except Fe which is% dry weight. Data extracted 
from Anon (1974). 
Site Drain from Upper Molonglo Lake Burley 
Waste Dump Below Captains Griffin 
Flat 
Number of 
Samples 2 9 17* 
Mean 
Concentrations 
of:-
Zn 1160 870 1112 
Cd 1.7 1.6 1.5 
Cu 300 380 30* 
Pb 2500 2010 113 
Mn 35 100 770 
Cr 13 24 78 
Fe(%) 4.8 5.8 3.4 
* Mean Cu concentration calculated from 8 samples, 
the remainder being contaminated by copper silt pans. 
C 
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To investigate the relevance of the preceding discussion to LBG, 
the following experiment was performed. Approximately 50ml of lake 
sediment (taken from West Basin) was placed in each of seven crystallising 
dishes. To each was added 500ml of lake water. In five dishes the pH of 
the water had been adjusted using HCl or NaOH. One of the r~maining dishes 
acted as control whilst CuSO 4 was added to the other, equivalent to a copper 
concentration of 2ppm. The pH and zinc concentration jn the water (filtered 
and unfiltered) were measured 2 and 24 hours after setting up. Zinc 
concentrations in the water sample used in the experiment were 0.065ppm 
(filtered an<l 0.08Sppm (unfiltered). 
Results are presented in Table 5.3. The experiment was not extensive 
enough to provide detailed predictions for the field. However the overall 
trends are quite clear. Analyses of filtered samples show a considerable 
increase in zinc concentration where pll is lowered. Zinc concentration in 
unfiltered samples is lowest at near-neutral pH but this results, at least 
partly, from the fact that sediments were considerably slower to settle 
in the high pH treatments. There appears to be considerable pH buffering in 
the system as extreme pH values moved quickly towards neutral, over the 
period of the experiment. Finally, the added copper appeared to displace 
both zinc and hydrogen ions from the sediment producing a marked increase 
in zinc concentration in the water. 
The foregoing information from the ljterature, plus some of the 
experimental data, provide a basis, albeit circumstantial, against which 
to interpret chemical and hydrological data for the Molonglo. In thi s 
way it is hoped to elucidate on the dynamics of zinc pollution in the 
system. Three parts of the system will be discussed separately: the 
C 
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Upper Molonglo (including the "primary sources" of zinc), the Lower 
Molonglo, and LBG. It is recognised that the first two sections must merge 
gradually along a considerable portion of the river but at their extremes 
they are functionally distinct elements of the system. 
Table 5.3 
Duration* 
(hrs) 
TREATMENT 
+ HCl 
+ HCl 
+ HCl 
+NaOH 
+NaOH 
+ Cu 
Extraction of Zinc from LBG Sediment by addition of lake 
water at a range of pH values. 
pH 
0 2 24 
3.1 3.4 5.3 
5.4 5.7 6.8 
6.3 6.3 7.0 
7.1 6.8 7.0 
8.0 7.1 7.05 
9.4 7.6 7.05 
4.0 
Filtered 
2 24 
.875 .715 
.113 
.114 
.065 .077 
.095 .095 
.105 .077 
3.3 
Zinc 
Concentration (ppm) 
Unfiltered 
2 24 
.955 1.03 
.845 .355 
.587 .332 
.39 .180 
1.18 .395 
1.15 .405 
3.75 
* Time elapsed between adding water to sediment and taking measurement. 
Zinc dynamics at Sediment surface. Sediment particles take part 
in ion exchange in a similar way to suspended particles. A 
continual exchange of particles - suspended particles deposited, 
sediment particles suspended - probably takes place also. 
LAKE BURLEY GRIFFIN 
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Phya-icaZ conditione. Water velocity is greatly reduced and other 
forms of water movement (particularly wind generated) become 
significant. The pH is usually maintained between 7 and 8. 
Zinc dynam;lce i:n fvater. At the prevailing pll most of the heavy 
metals are in a suspended species rather than dis solved. Consequently 
a large proportion of them is lost to the sediment due to settling. 
Zinc dynamics at the Sediment surface. Suspended particl es are 
generally deposited at a much greater rate than they are resuspended. 
However during periods when the Molonglo is providing a reduced 
proportion of the total water input, e.g. October - December 1972, 
the balance of the zinc budget for LBG is negative (see Section 2.5). 
This indicates that the sediments provide a significant source of 
the zinc when the input from the Molonglo 1s too low to maintain 
the chronic water concentration (determined by prevailing conditions 
of pH etc., in the lake, see earlier discussion) in the face of 
dilution of other influent. 
In summary, low pH water extracts heavy metals from the primary 
sources in proportions dependent on their concentration in the source 
C 
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material and their relative bond strengths. Downstream more water and 
suspended material is added and the pH rises. The increased pH changes 
the balance of heavy metals in the water towards suspended species (at a 
rate which approximately compensates for the diluting effect of the influx 
of suspended matter - thus maintaining high concentrations in sediments). 
This return from dissolved to suspended (and sedimented) species also 
takes place in relation to differences in bond strength - reinforcing the 
trend begun when the heavy metals were taken into solution, and altering 
still further the relative proportions of divalent cations attached to 
suspended particles. Finally, reduced water velocity and fairly s table 
pH causes much of the suspended material (organic and inorganic particles 
and insoluble inorganic compounds) to settle on the lake bed. 
5.18 
5.3 EFFECTS OF ZINC ON PHYTOPLANKTON 
5.31 Introduction 
Zinc is involved in several biochemical pathways. It is a cofactor 
in the enzymes carbonic anhydrase (Howes 1969), carboxypeptidas e , alcohol 
dehydrogenase (Hoch and Vallee 1958). Of these, carbonic anhydrase is 
probably of considerable importance to algae, being the catalyst in th e de -
hydration of bicarbonate to give carbon dioxide (Raven 1970). Zinc is a l so 
implicated in the stimulation of RNA and protein synthesis (Wegener and Romano 
1963). Indeed, Stiles (1961) opines that zinc is probably a necessary 
nutrient for all algae. The optimal concentration of zinc for phytoplankton 
l.,~ is not known but must depend on the chemical form in which zinc~ present. 
For example, the addition of chelating agents (low molecular weight organic 
substances with multiple negative bonds) to seawater may increase the avail-
ability of micronutrients, including zinc, to algae (Johnston 1964). 
The quantities of zinc(in ppm) included in some artificial media 
for fresh water algae are 2.01 (Nichols and Bold 1965), 0.078 (Darden 1966), 
0.05 (van Baalen 1967), 0.048 (Allen 1963), and 0.005 (Bozniak 1969 in 
Nichols 1973). It may be assumed that those lie in the range between 
"deficiency" and "toxicity levels" for algae. Many of these media are 
intended to support massive densities of algae so that recommended concen-
trations may be high relative to field populations. The ratio of zinc 
concentration to other elements and to algal biomass should be cons i dered. 
Hutchinson (1957) states that the average level of zinc in freshwater is 
probably near that of the open ocean (.3mg.m- 3 : Rice et al . 1973). 
S.lS 
Zinc content of algae is extremely variable (Rice et al. 1973). 
Knauer and Martin (1973) observed that the concentration in marine phy-
toplankton varied inversely with phytoplankton biomass (for a given ambient 
zinc level). 
As is common with cations, zinc uptake by algae (and other micro-
organisms) appears to involve two distinct phases (Matzku and Broad 1970). 
Phase I is rapid, independent of metabolic rate and is similar for living 
and killed algae (Cushing and Watson 1968) and cell fragment s . It i s al so 
reversible by washing. These facts are consistent with the hypothesis that 
phase I consists of reversible binding of zinc to sites in the cell wall 
through the mechanisms of ion exchange. Phase II appears to be more prolong-
ed. It is sensitive to uncouplers and anaerobiosis (implying dependence on 
phosphorylation) and cannot be reversed by washing (Rice et al. 1973). 
Patton and Budd (1972) in a study of the filamentous fungus, 
Neocosmospora vasinfecta, noted that the quantity of zinc taken up in phase 
I was reduced in the presence of other cations, and conformed to a Langmuir 
adsorption equation. They also showed that phase II uptake was sensitive 
to low temperature and completely inhibited by manganese. 
Both phases, in N. vasinfecta, were stimulated by ferrous and 
ferric ions and reduced when phosphate-phosphorus fell to growth-limiting 
levels, or in the presence of uranyl (U02++). 
There appears to be no report in the literature verifying the 
application of these findings to algae. 
5.32 Field Studies 
Statistical analysis of field observations showed a correlation 
between increases in dissolved zinc concentration and a reduction in 
phytoplankton productivity (see Section 3.4). An enrichment trial was 
designed to determine whether a causa l r e lat ionshjp occurred between 
theso two parameters. A standard light-dark bottle n1cas urcmen t (see 
SectJon 3.2) was ma<le, but at 0.lm an<l l.Om depth~ extra light bottles , 
inoculat d with 0.1 an<l 1.0ppm zj nc (as ZnC] so lution ) were added . The 
ambi nt disso lved zinc concentration \fa s 0.0l8pprn. The results (Table 
5.4) s howed that increases in the level of di ssol ved zinc could produce 
I· a decrease jn the productivity of phytoplankton. 
Table 5.4 Effect of added zinc 1n field carbon - 14 measurements: 
October 1973 
Depth (m) 0.1 1.0 
Carbon fixed (µg.m-~hr- 1 ) 
with zinc added to the 
following concentrations 
(ppm): A* B* A B 
0 1130.5 38.8(3.3) 408.1 18.0 ( 4. 1) 
0.1 1105.6 53.6(4.6) 339.4 24.6 (6. 8) 
1.0 921.3 39.8(4.2) 227.3 14.9 (6.2) 
*A Estimated from radioactivity measured on filter. 
B ·s timat cd from radioactivity measured in filtrate (figures 1n 
parentheses represent B expressed as percentage of total). 
5.20 
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Accompanying the reduction in the uptake of inorganic carbon, 
there appeared to be an increase in the rate at which newly-formed photo-
synthate was released back into the environment (within 4 hours). This 
latter does not represent a change in primary productivity sensu stricto 
although the photosynthate is lost to the algae, at least temporarily. 
5.33 aboratory Studies 
An attempt was made to quantify the effects of zinc on fresh-
water algae in the laboratory . For this purpose several species of alga 
were isolated from LBG samples and cultured in an artificial freshwater 
autotrophic medium developed by Moss (1972). 
Laboratory studies took two forms: short-term (3-4 hours) and 
long-term (8-10 days) . In both cases the cultures were contained in 250ml 
flasks on a shaking table in a temperature-controlled water bath under con-
tinuous illumination from a 1000W mercury vapour lamp. Air was not cir-
culated through the cultures , but the flasks were capped only lightly and 
the cultures kept dilute . Occasional measurements of inorganic carbon and 
dissolved oxygen (in the long-term experiments) indicated that both rem-
ained within the limits at which they would be likely to cause a noticeable 
decrease in photosynthesis (dissolved oxygen never exceeded 10.3ppm at 
0 18 C and total alkalinity was generally above 12ppm Hco;). 
Short-term experiments were carried out as follows: 
cultures were diluted to an appropriate algal density on 
the day prior to the experiment, using sterile medium. 
sufficient culture for the experiment was bulked in a 
large flask then inoculated with NaH14co
3 
(3µCi/100 ml of 
culture). 
100ml of culture was measured into each of an appropriate 
nwnber of sterile 250ml conical flasks 
Jml of zinc solution of a concentration appropriate to 
attain the required experimental dose , was addeJ to each 
fl11sk ( lrnl or di ~· t I I led w"1tcr ;J. · control) 
tile fla s ks were placed at random on the s hakjng tabl e 
after 4 hours the flasks were removed: the entire 
contents filtered through a HA millipore filter (mean pore 
size 0 . 45µm). The filters were exposed to fwning HCl for 
10 minutes then placed in a scintillation vial with 10ml 
of "Aquasol" scintillant. 
the volwne of filtrate was measured: 25mls was removed, 
acidified (pH<2.5) with HCl and placed in a scintered 
glass funnel through which air was bubbled for 15 minutes . 
the sample was then concentrated by evaporation (in a forced 
draught oven at 70°C) and the residual radioactivity 
measured using "Aquasol" as the scintillant. 
The results of these trials are presented 1n Figure 5.4. 
s.22 
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Figure 5.4 Short-term effect of zinc concentration 
on photosynthesis in single-species algal 
cultures: 
Upper line: Total organic carbon-14 
(filter+ filtrate) 
Lower line: Organic carbon-14 on filter only. 
Squares: Percentage of total organic carbon-14 
in filtrate. 
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The long-term study investigated the effects of zinc on sur-
vival and community structure using flasks containing 100ml of a mixed 
culture taken from a plankton net (mesh size 6lµm) tow in LBG (March 
1974). At two-day intervals the following procedure was followed: 
a 25ml aliquot was taken from each flask. Five ml was 
set aside for cell counts and the remainder was filtered 
and analysed for Jissolved z inc. 
25ml of culture medium containing s ufficien t ZnC1 2 
to bring the zinc ooncentration i n the flask up to that 
established at tl1 hcginning of the experiment , was add ed 
to the remaining 75ml of a lgal culture. 
Results are presented in Figure 5.5 
5.34 Zooplankton 
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The following experiment was carried out to quantify the toxic 
effects of zinc on zooplankton. 
A 10 litre sample of lake water was divided among 5 large 
containers to which were added 0, 0.2, 0.5, 1.0 and 2.0ppm zinc res-
pectively. The containers were placed on the shak i ng table (set for slow 
action) and after 1, 2, 8 and 24 hours a 2S Oml sample wa s taken from each 
treatment. To each sample 1ml of a 0.5 % solution of the vital dye, neutral 
red, was added. After 15 minutes the samples were filtered, washed with 
distilled water and the animals counted. 
Fig. 5.5 Gross changes in species composition of 
mixed algal cultures at Zn concentrations of O, .OS, 
.S, and 5 ppm. 
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Results are presented in Table S.S. Neutral red dye is taken 
up selectively by living cells (Dressel et al. 1972). Although species 
differ considerably in the rate at which living individuals take up the 
dye (Calamoecia lucasi > Boeckella triarticulata > Daphnia carinata and 
Ceriodaphnia quadrangula > Bosmina meridionalis) a trial using living 
and killed material verified the reliability of the method. The rotifer 
Ker1ale lla quadrata, was present in numb r ~ too low to provjde rcliahlc 
cstima cs of survival. llow v r, it urr arcd 10 I>· ,Jrnong the more s u•;cc pt -
j b 1 (, compo nun ts of the zoop l unk tun . 
Tab] e 5. 5 l:ffect of z-j nc conccntratj on (ppm) on the s urvival of 
crustaceans from Lake Burley Griffin, July 1973. 
Species 
Exposure 
(hr) 
Daphnia 1 
2 
carinata 8 
24 
Ceriodaphnia 1 
2 
quadrangula 8 
24 
Bosmina 1 
2 
meridional is 8 
24 
Calamoecia 1 
2 
luca i 8 
24 
Boe kella 1 
2 
triarticulata 8 
24 
0 
95 
86 
100 
94 
100 
73 
97 
81 
100 
95 
99 
97 
100 
98 
100 
98 
100 
100 
96 
98 
% alive in water of zinc concentration: 
0.2 0.5 1 2 
100 94 90 86 
95 69 61 56 
90 61 51 28 
73 46 33 0 
98 82 80 36 
54 33 25 15 
so 28 17 3 
44 33 13 5 
100 96 90 89 
100 89 100 57 
95 82 65 60 
100 60 40 43 
98 100 100 96 
100 100 93 100 
94 92 85 63 
86 58 52 17 
96 ]00 l 00 100 
100 98 100 98 
98 100 96 96 
100 96 100 86 
I f. 
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5.35 DISCUSSION 
The field and laboratory results have demonstrated that zinc 
has a general depressant effect on photosynthesis and hence primary 
production. However, the mechanics of the algal response to zinc are more 
difficult to derive from the data. 
/\part frorn one report of mor.phologi.cal abnor.malities, attributable 
to organic mercury (Nuzzi 1972), algal response to excess heavy metals can 
be grouped into three main areas of physiology: photosynthesis , cell u.Jall 
phenomena, growth and reproduct·ion . Al though the present work is aimed 
primarily at gaining ecological information, these three topics will be 
discussed briefly. 
Photosynthesis, as measured by carbon-14 assimilation by algae, 
has been shown to be depressed by mercury (:._O.OOSppm; Knauer and Martin 
1972) and copper (:._O,Olppm; Steemann and Nielsen and Wium-Andersen 1970). 
The present study demonstrated that photosynthetic rate was reduced at zinc 
concentrations of O.OSppm or more. Thus the heavy metals so far tested 
can be ranked in order of toxicity to photosynthesis, as organic Hg> 
inorganic Hg> Cu> Zn. Large interspecific variations in susceptibility 
(e.g. Steeman Nielsen and Wium-Andersen op. cit.) may cause some apparent 
overlap. In the present study considerable variability in response was 
observed. This took the form of differences in the degree of depres sion 
of photosynthesis rather than in the concentration at which it appeared, 
although concentrations used in the experiments may have been too widely 
spaced to detect such differences. 
The species isolated from LBG are ranked, in order of decreasing 
sensitjvity to zinc, as follows: Anacyatis cyaneae > FragiZari-a sp. > 
Staurantrum pingue and Botryoaoccue brauni i > Volvox sp. 
Changes at cell walls have been noted to occur 1n 
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response to excess heavy metals. An efflux of potassium has been observed 
in fungi (Patton and Budd 1972), yeast and red blood cells (Rice et a l. 
1973), as well as algae (Kamp-Nielsen 1971). McBrien and Hassall (1967) showed 
that i t was not related to light intens ity (although Cu uptake wa s ). 
The of flux of Labelled orgari-i c rnu tor h .tl ohscrvod du r ing th e 
pres ent work is assumed al so to r e late to membrane permeah i l i ty. Th e t es t 
species differ ed consj derably in their -natural rate of "organ i c e ff.lux" as 
well as in the degree to which this rate was altered by the addition of zinc. 
There appears to be a tendency for those species in which photosynthesis 
is depressed most severely to exhibit greater changes in organic efflux 
with the addition of zinc. 
S.2Z 
5.4 GENERAL DISCUSSION 
5.41 Ecological Implications 
The laboratory experiments have shown that excessive concentrations 
of zinc reduce photosynthesis and the population growth rate, and increase 
the efflux of photosynthate from the algae. It is always dangerous to ex-
trapolate results of laboratory experiments directly to the field s ituation. 
However, since the general phenomena have been observed in LBG (in fact the 
field observation led to the laboratory experiments) cautious discussion of 
their ecological significance is warranted. 
Zinc pollution in LBG in 1972-73 was characterised by long periods 
during which zinc concentrations rarely exceeded 0.02ppm (the "chronic level") 
interspersed by "spikes" of high concentration (up to 0.6ppm) at varying 
intervals and for varying durations. Physical conditions leading to these 
spikes have been discussed in Section 5.2 and the effect of the pattern of 
zinc pollution on planktonic primary productivity has been examined in 
Section 3.4. However, ecological implications of data presented in Section 
5.3 warrant further discussion. Whereas Section 3 was an attempt at a 
balanced examination of phytoplankton ecology in LBG the following discuss ion 
is of the ecological action of zinc pollution only~ 
At the chronic level zinc pollution in LBG probably ha an overall 
depressant effect on phytoplankton numbers. Differential susceptibility 
may result in the suppression (or disappearance) of some species. However, 
resistant organisms may be permitted to increase more quickly as a result of 
reduced competition. Chronic zinc pollution might thus result in little 
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or no reduction in the density of phytoplankton, although the number of 
species present may be reduced and the dominance structure of the community 
changed. 
During spikes of zinc pollution, however, concentrations are 
sufficiently high to be detrimental to all phytoplankton. Thus, in addition 
to the probable disappearance of some susceptibl e speci es , th e whol e phyto -
plankton co~nunity is reduced Jn density and productiv i ty. The severity 
of the ecological effects of a spike depends on several other factors 
apart from zinc concentration and duration: 
the "dominance structure" of the phytoplankton. If the more 
numerous species are susceptible to zinc then the primary 
producing community could be decimated, with rapid changes 1n 
dominance structure. If the dominant organisms are resistant 
then changes in both parameters will be less drastic. 
the rate of water flow through the lake. The ecological 
significance of zinc-induced changes in the reproduction rate 
of organisms 1s greater during periods of rapid water renewal. 
Slowly growing populations are likely to be put at a further 
disadvantage by rapid displacement. 
The spectrum of susceptibility of planktonic crustaceans (Table 
5.5) implies that analagous modifications to the zooplankton community will 
take place in response to zinc pollution. This would result in a "second 
order effect"on phytoplankton productivity through changes in grazing 
pressure. The extent of perturbation to the phytoplankton-zooplankton 
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system, caused by occasional increases in zinc concentration would 
depend on how well the food preferences of the modified zooplankton 
communlty matched the ompositLon of the modified phytoplankton community. 
(In this connection it should be noted that the largest (Boeckella 
triartiaulata)and smallest (Bosmina meridionalis) crustaceans were least 
susceptible to zinc ln laboratory trials - at leas t a large range of food 
size could e covered by a surviv1ng zooplankton community asswning food 
size is related to body sjze. 
Apart from directly uJ tering tho spcc:1 oi· composj ti on of phyto -
plankton and zooplankton and, by implication, other 1naJor groups - e .g. 
bivalve molluscs appear to be virtually absent from the lake - zinc 
pollution is likely to exert an ecological influence through the concent-
ration of zinc in food webs. This problem falls outside the terms of 
reference of this thesis, but it is likely that organisms feeding on 
plankton - fish (then birds etc. eating fish) and decomposers - will be 
subjected to high intakes of zinc. 
5.42 Future Zinc Pollution in LBG 
Not all aspects of zinc pollution in LBG have been discussed in 
this chapter. Some factors, such as the effects of high levels of zinc 
in the sediment ecosystem and the possible contribution of zinc to the 
maintenance of turbidity, have been neglected. However it may reasonably 
be concluded that zinc pollution in LBG sometimes reaches levels not far 
below those which could cause serious and not easily reversed problems 
(e.g. catastrophic fish kills). For this reason it is germai.ne to examine 
carefully future possibilities of zinc pollution 1n the lake. 
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With no changes to the system, zinc pollution could remain 1n 
a stea.dy state at its present level. That is, zinc would continue to be 
laid down in sediments at its present rate (allowing for stream flow 
irregularities), concentrations in the lake water would continue to 
oscillate within their present range, and zinc would continue to escape 
from the lake at its present rate. However, no ecological system can 
exist without changes in time. The effects of three types of change will 
be discussed in the remainder of this section. They are:-
Changes in catchment hydrology using the damming of 
the Queanbeyan River at Googong as an example 
Changes in catchment utilization, for example urban 
and industrial development of Queanbeyan and eastern 
Canberra 
Changes to prima.ry sources in zinc pollution, either 
positive changes or negative - such as further 
catastrophic inputs as a result of the "law of 
probability" or through dilapidation of the disused mines. 
5.421 Changes in catchment morphology and hydrology: The most 
significant alteration to the catchment in the near future is the 
proposed construction of the Googong dam, a 118,650Ml capacity impoundment 
on the Queanbeyan River. This would involve severe curtailment of river 
flow during the filling of the dam and some reduction in flow thereafter. 
Measurements of zinc load for 1970 through 1973 show no 
significant differen e in the amount of z1n ~arried by the Molonglo 
above and below its confluence with the Queanbey n River (Anon 1974). 
llowever , although it does not alter the quantity of zinc introduced, the 
Queanbeyan River influences LBG zinc pollution in the following ways: 
dilution of zinc 1n solution. At its confluence with the 
Molonglo, the Queanbeyan has approximately twice the catch-
ment area and flow rate of that riv r. 
dilution of zin· 1n water-boYn sediments. Munro et al . 
(1967) estimated the annual bed-loads of the three influent 
streams to LBG as follows: Molonglo River, 31,300t; 
Queanbeyan River, 25,400t; J errabomberra Creek , 26 ,400t. 
reduction of acidity. The pll of Queanbeyan River water is 
generally higher than that of the Molonglo. In 1973 the 
mean value for the Queanbeyan was 7.9 (28 observation) and 
for the Molonglo above the onfluence 6.7 (54 observations) 
(Anon. 1974) . 
In reased pH and the iernonstrat d "complexing capacity11 of the 
in luent water (Figure 5.2; Sect ion 5._) p1obabJy causes a considerable 
de reas 1-n the proportion of the total zinc remaining in the "dissolved 
spe ies". 
During the filling of tl1e Googong dam the on entration of zinc 
1n \vater ent ring LBG from the Molonglo would b approximately doubled (and 
more if a lower pH reduced the proportion d posited in the river bed 
immediately above the lake). Based on 1972-73 figures (Section 2.5) 
this would be equivalent to a weighted average concentration of about 
0.43ppm. However the biologically important data in pollution 
phenomena of this type are maximum concentrations rather than means. 
During the period July 24 to September 6, 1973, water samples taken by 
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the Department of Capital Territory showed that zinc concentrations in the 
Molonglo just before its entry to LBG did not fall below 0.5ppm. The 
highest concentration was l.Oppm. If these concentrations were to be 
doubled as a result of cessation of inflow from the Queanbeyan River they 
would certainly exceed the lethal dose for all developmental stages of 
trout, and probably all fish, and would decimate populations of many other 
species (Skidmore 1964; Thorp and Lake 1973~ see also Table 5.5). 
The extent to which these high concentrations would spread into 
LBG would depend on a number of factors including flowrate of the Molonglo 
during the period and the degree to which the pH of LBG was buffered by 
factors within the lake itself (e.g. Table 5.3). There 1s a tendency for 
concentrations to vary inversely with stream flow but this is not always 
the case. A sudden flush following a prolonged dry period (as occurred 
in September 1973) could conceivably replace all the water in LBG with a 
lethal zinc solution, without the moderating influence of the Queanbeyan. 
e 
The most probablf outcome, however, would be a high (possibly lethal) zinc 
concentration 1n the water of the upper reaches of LBG and an increased 
concentration 1n sediments over a large pr~portion of the lake. 
5.422 Changes in catchment utilization - The population of Canberra 
is increasing rapidly (approximately 10% p.a.). Queanbeyan has provided 
accommodation for an increasing proportion of the recruitment in recent 
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years. The expanded workforce plus legislation restricting the 
establishment of a large number of industries within the Australian 
Capital Territory make Queanbeyan an attractive area for the development 
of, e.g. chemical and heavy manufacturing industries. Many of these 
produce acid wastes (e.g. Hart 1974, p. 231) which could not be 
dispersed easily other than into the Molonglo or Queanbeyan River. 
(The fact that the Molonglo is already polluted might be seen by some as 
making further pollution less serious). However, any reduction in pH 
below its present level, almost certainly would have serious consequences 
for the lower reaches of the Molonglo and for LBG in particular (see 
Section 5.22). Further, the effect would be independent of any changes 
in the primary sources effected by control measures at Captains Flat 
(see below) at least until a considerable depth of low-zinc sediment 
had been laid down throughout the lake. 
5.423 Changes in prima:ry sources. During 1973 the waste dumps at 
Captains Flat appear to have deteriorated considerably. Although 
the outer surfaces remained stable, or at least weathered uniformly, 
large "drainage shafts" appeared within the body of the main dumps. These 
seem to have been caused by erosion of cracks by seepage and presumably 
permitted large .quantities of rainwater runoff to percolate through the 
dumps and into the water. Runoff channelled this way rather than more 
rapidly, over the surface, would accumulate the maximum acidity and dissolved 
pollutants. Suspended matter might be reduced, unless the water emerged 
part way down the dump. A continuation of this trend would result in 
increases in dissolved zinc in the Molonglo and accelerated movement of 
pollutants from the mine area to the other primary sources. 
The mine shafts and dumps represent by far the largest single 
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deposits o;f zinc in the system. They are also the only "point sourceu · 
amongst the primary sources. Logically, they have been made the targets 
of remedial measures proposed by a Technical Committee set up jointly ' 
by the respective Governments of the state of New South Wales and 
Australia, in a report (Anon. 1974) made public during the preparation 
of this section. 
The recommended progranune involves the reshaping of solids and 
tailing dumps to produce terraced slopes which will be covered with rock, 
clay and soil fill and vegetated. Additionally, a creek is to be diverted 
from the site of a mine collapse which at present allows water to flow 
through the abandoned shaft complex and into the Molonglo. The committee 
predicts that these measures will produce a 95% reduction in zinc leached 
and eroded from the dumps, and SO% reduction in the flow rate of acid mine 
water. The programme was selected from nine alternatives and probably 
represents an optimum use of the $3.5 million to be set aside for its 
prosecution and maintenance. 
The exclusion of the main repository of zinc 1s undoubtedly of 
maJor long-term importance in reducing pollution in LBG. The short-term 
significance may not be so certain. Predicting its effect on zinc 
pollution in LBG in the short term is complicated by the lack of information 
regarding the dynamics of zinc in the system. 
In 1973 the annual zinc loads in the Molonglo directly below 
the mine site and approximately 10km down-stream were very similar: 50,800kg 
and 51,600kg respectively (Anon. 1974; plate 2.06). However, over short 
periods, the loads at the two sites differed considerably. For instance in 
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the first 9 months of 1973 the upper station had carried only 59% of the 
load at the lower station. One interpretation of this observation is that 
during periods of low zinc input from the mine site the "carrying capacity" 
of the water is made up with zinc taken from the river bed. This is then 
replenished when inputs from the mine are high. 
If this interpretation is correct and it does agree with the 
tentative verbal model of zinc dynamics proposed in Section 5.22, then the 
proposed control measures can be divided into two elements not only accord-
ing to execution but also according to mode of action and, possibly, 
immediacy of effect. 
The contribution of the mine waste and tailings dumps to the 
pollution (apart from past and possible future collapses) is primarily 
in the form of solid material borne in runoff water during heavy rain. A 
secondary contribution is acidity, mainly from rain water seeping through 
the dumps. 
Reduction of input from waste dumps will curtail the input of 
primary material with runoff. This reduces the replenishment of pollutants 
in the bed of the upper Molonglo. In this way it is an essential step 
towards permanent solution of the pollution problem, but its effect will 
become apparent slowly as the river sediments become depleted and diluted 
by unpolluted material. The contribution of the was te dumps to the zinc 
load along the length of the river during storm-induced flushes will also 
ceas e. 
By contrast the more important contribution of water seeping 
through the mine is its acidity, although it also carries high concentrat-
ions of dissolved heavy metals, Removal of acid water pollution would 
reduce the amount of ionic zinc which could be carried away from Captains 
Flat and the Upper Molonglo. This would allow the suspended particles 
added downstream to dilute the material carried from highly polluted areas 
instead of providing binding sites for zinc as the rising pH forces it from 
solution. It is impossible to predict by how much pH will be altered by 
reducing mine water flow, but it seems likely that this is the means by which 
short-term improvements in zinc pollution will be achieved. 
Even so, assuming that they are determined primarily by conditions 
within the lake, zinc levels in the water of LBG will be reduced only after 
more dilute sediments have been laid down. The rate at which this would 
take place depends on a number of factors such as stream flow characteris-
tics and the mixing effects of a re-established benthic fauna and the degree 
to which the zinc level of suspended matter carried by the Molonglo is 
reduced. It seems possible that substantial ecological improvements should 
not be expected for a number of years. 
5.5 CO CLUSIONS 
Throughout the foregoing discussions of physiological and 
ecological effects of zinc pollution and means by which that pollution 
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is generated, conclusions have been stated or implied. These may be drawn 
together and summarised as follows. 
Zinc dissolved and suspended in the water of LBG often reaches 
levels which affect the physiology of algae - reducing photosynthesis, 
increasing cell wall permeability and reducing the rate of reproduction. 
This results in a general depression of phytoplankton productivity_. 
Further, because these effects differ in intensity between species, zinc 
pollution alters the species composition of both phytoplankton and zoo-
plankton. Thus, although the instantaneous effect of zinc pollution on 
primary productivity is not great under conditions generally obtaining in 
LBG, over a period, zinc can be 0f considerable ecological importance by 
influencing the numbers and types of primary producers present. The 
severity of ecological changes induced this way is dependent on a number of 
factors including the frequency, size, and duration of fluctuations in zinc 
concentration in the lake. 
Zinc fluctuations appear to be controlled mainly by factors 
obtaining within the lake. Suspended solids concentrations, pH, temperature 
and hardness combine in a complex system to determine the proportion of the 
total available zinc (from inflows and the lake bed) which can remain in the 
water body. 
The system which controls the rate of input of zinc to the lake 
is not well understood . Differences in cation composition of the sediments 
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in the lake and river indicate that zinc transport is not a simple matter 
of suspension and later deposition of mine waste material. At least 
outside extreme flood conditions (which did not occur in 1972-73) the more 
usual means of heavy metal transport is thought to be as follows:-
the removal of heavy metal cations into solution in low pH 
water by dissolution of material recently made soluble (e.g. 
bacterial production of SO~ - see Weatherley and Dawson 1973), 
by ion exchange involving H+ and by pH induced structural 
breakdown of sediment particles (Swartzen-Allen and Matijevic 
1974) 
various forms of binding to sediment and suspended material . 
as new suspended solids are added and pH rises downstream 
deposition of heavy metal-bearing suspended material with 
reduced water velocity in LBG. 
Assuming this interpretation correct it follows that any attempt 
to control zinc pollution at its source will improve conditions in LBG 
only slowly although stemming the flow of acid water may have some immediate 
consequences as far downstream as LBG. On the other ·hand, changes nearer 
the lake, e.g. increased industrial generation of acid and/or solid wastes 
could have considerable short-term effects, bearing in mind the large 
quantity of zinc present in the lake bed and prevented from entering the 
water body primarily by high pH. In this regard, it may be expected that 
any detrimental effect in LBG from darruning the Queanbeyan River would be 
much more immediate (though less permanent) than the beneficial affects 
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arising from pollution control at Captains Flat. Thus restoration work 
at the mine sites may not provide the abrupt drop 1n zinc load necessary 
to remove completely the biological risk involved 1n the imminent 
construction of the Googong Dam. 
The gradual abatement of zinc pollution will be reflected in 
phytoplankton ecology. It is extremely difficult to predict the reaction 
of a community to a reduction in pressure from one particular environmental 
component except in very general terms. It can be expected that the 
dominance structure of the phytoplankton community will change and that 
the number of species present may increase. The exact nature of these 
changes will depend in part on the reaction of other components of the 
ecosystem to reduced zinc concentrations. It should be noted that Anacystis 
cyaneae, the species most susceptible to zinc in the laboratory trials, has 
been known to produce noxious blooms under conditions of high phosphorus 
(Jaworski et al . 1972). It is also capable of controlling its vertical 
movement in the water to some extent - thus reducing the depressant effects 
of turbidity. Its virtual disappearance following a period of increasing 
dominance (see Section 3.4) in early spring 1973, coincided with a 
considerable rise in zinc concentration (see Section 2.4) as well as 
increases in phosphorus inputs. Without the action of zinc the blue green 
alga may have reached nuisance proportions. 
SECTION 6 CONCLUDING REMARKS 
Lakes have formed the basis for numerous ecological 
studies in the past. The stimulus for these studies has often 
been that lakes form a relatively discrete ecological entity 
providing a valuable opportunity to study transactions 
(particularly of energy) at the ecosystem level, and gain 
insight into general ecological principles. 
Geographic considerations aside, the nature of the 
physical environment of a lake depends to a considerable extent 
on its morphometry and physical and biological conditions in 
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its catchment. These factors largely determine the distribution 
of energy (light and heat) through the system, and the nutrient 
status of the lake. 
LBG is a shallow lake with a relatively rapid turnover 
of water. The water carries quite high levels of phosphorus 
and, to a lesser extent, nitrogen - much of which may originate 
in the urban sections of the catchment. 
The high rate of throughput means that the 'lacustrine' 
nature of the ecosystem is variable. Data (Table 2.3) show 
that for some months the volume of the lake can be replaced 
nearly ten times. Under these conditions LBG probably more 
closely resembles an expanded section of river. Plankton 
ecology is certain to be affected by these changes. Biswas 
(1970) has demonstrated some of the changes in phytoplankton 
composition related to changes from riverine to lacustrine 
conditions. 
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During 1972 and half of 1973 river flow in the catchment 
was unusually small. A number of factors associated with water 
movement were also atypical during this period - the most 
important being the level of abiogenic turbidity, which fell 
considerably. Inputs of elements including phosphorus and zinc 
imported by streams also fell. 
Both morphometry and water flow influenced the manner in 
which energy was dispersed through the system - resulting in a 
homogeneous temperature distribution with depth and a high 
proportion of the total energy stored by the lake being 
retained in the sediments. 
The main focus of the project was to study the transform-
ation of solar energy into biological energy. The relative 
magnitude of this process compared with the purely physical 
transactions of the lake are noteworthy. The 'inefficiency' 
of photosynthesis has already been pointed out (Section 1). 
It should be noted that solar radiation absorbed and converted 
to heat is also biologically active as 'catalytic' energy. 
6.3 
The level of plant nutrients (evaluated either chemically 
or biologically) were high enough to support a greater diversion 
of light energy into the biological system. Estimates of total 
carbon assimilated per m2 of lake surface were 24 g and 53 g 
respectively for 1972 and 1973; production typical of much less 
fertile lakes (Vollenweider 1968). Phosphorus, the nutrient 
which appeared most capable of limiting primary production, was 
at levels which, by Vollenweider's (op. cit.) standards, could 
sustain 'bloom' densities of phytoplankton. This situation 
appeared to be prevented by the over-riding effects of curtailed 
light penetration due to turbidity. Reductions in photosynthesis 
were also related, inversely, with the amount of dissolved zinc. 
Zinc, together with other components of the physical environment 
(notably temperature) also acted to control phytoplankton biomass. 
These inferences were obtained from field data using 
regression analyses techniques (see also Goldman et al. 1968, 
Blackburn 1973, Platt and Subba Rao 1970). 
There are inherent difficulties in this approach to 
ecological field data, which can be attacked in one of two ways, 
depending in part on the 'hierarchical' level (sensu Anderson 
1971) at which the analysis is performed. The first method, 
employed by Goldman et al. (1968), is to screen the data for 
a set of uncorrelated environmental variables which when 
combined in a multiple regression equation, predict the 
dependent variable with a high degree of accuracy. The second 
approach, followed in the present study, is to analyse the 
structure of the system to find first order relationships. 
These may be on a different 'hierarchical ' level from the 
original observations (e.g. examining the relationship between 
temperature and the amount of chlorophyll a per unit of algal 
biomass in an analysis of planktonic primary productivity). 
Regression analysis may then be used to evaluate all the 
possible first order relationships but, as this does not 
identify and avoid correlations between independent variables, 
the regressions equations have _no predictive power. However 
they remain legitimate tests of significance and, used in 
conjunction with a reasonable structural analysis provide an 
explanatory capability lacking in the first, predictive, 
approach. 
The use of regression analysis does not imply the 
assumption that all the significant functions are capable of 
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a simple, linear, numerical explanation . In fact a pertinent 
observation from this study was the non-linear, 'buffering 
effect' of changes in 'dominance structure' of the phytoplank-
ton against environmental changes. 
The corollary of the view that environmental diversity 
permits a balanced coexistence of a number of species performing 
the same ecological function (Ayala 1972) is that changes in 
environmental conditions may produce compensatory changes in 
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the balance of coexisting species, with little (or no) 
variation in the nwnber of species and no significant disturbance 
to the ecological function. This type of adjustment may operate 
1n decomposer communities in response to changes in the relative 
composition of dead material entering the system. It appears 
to have operated throughout 1972-73 in LBG, the ascendence of 
buoyant, zinc-tolerant species concurrent with increases in 
turbidity and zinc concentration being a spectacular example. 
This situation resembles a Markov-type function 1n which 
the condition of the variable at time (t) is dependent on its 
conqition at (t-1), to such it cannot be predicted by the 
usual generalized methods (e.g. regression analysis), as the 
dominance structure response to a given set of environmental 
conditions will° depend on the species composition of the 
community at that time. In fact, it is not the species 
composition that is important so much as the number of different 
'strategies' represented in the community. Allen and Koonce 
(1973) have identified several such strategies in phytoplankton 
in relation to development rate and grazing pressure. 
It is interesting to note the implications of this model 
to the 'limiting-factor' concept. Whilst Liebig's simplistic 
law might apply to a single species population (an exception 
would be a balanced polymorphism), community flexibility in the 
face of any particular environmental change argues against the 
law's universal applicability at the community level. In this 
case it could only operate if the environmental factor in 
question was reduced below the optimwn for all the species 
present in the community (i.e. beyond the 'buffer zone '). 
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Odum (1971) suggests that Liebig's law applies only under 
steady-state conditions (' .. . when inflows balance outflows of 
energy and materials') and where 'factor interaction ' is absent. 
Although the meanings of these constraints seem somewhat obscure, 
it is difficult to imagine an ecosystem which fulfills both 
conditions for any appreciable time. Nicholson's (1957) 
division of factors limiting population densities into 
legislative and govern~ng might be applied usefully to community 
dynamics. Thus light attenuation may be viewed as a l egis lative 
factor, setting the over-all constraints within which the phyto-
plankton production system operates, whilst variations within 
those cons traints (in parti cular at optimum light levels) are 
governed by other factors, e.g. zinc and grazing. 
From a practical viewpoint, it is still possible in many 
cases , to single out one environmental component which, if not 
a limiting factor is at least a key component of the sys t ern . 
Thus , for example, under conditions of algal blooms it may s till 
be possible to reduce primary production substantially by 
ontrolling point sources of phosphorus. Whether production 
is being limited directly by a shortage of phosphorus or by more 
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subtle relationships under the constraints set by the legislative 
action of low phosphorus. 
From the present study it appears that light attenuation 
and to a lesser extent zinc pollution were two major factors 
restricting planktonic primary production in LBG during 1972-73. 
They are, in turn, related to the amount of suspended particles 
in the water. Suspended ma~erial influences a number of aspects 
of lake ecology, including energy transfer, optics, primary 
production, macrophyte distribution, and chemistry as well as 
possible, subtle, biological changes induced by the effects of 
visibility on predation. 
Its role in light penetration (and hence phytoplanktonic 
production) and chemistry have been emphasised in this study. 
Light penetration was controlled mainly by abiogenic particles. 
(Maximum size 10-20 µm: Munro and Hattersley 1969). It was 
demonstrated that algal biomass had a relatively minor (feedback) 
role in limiting light. The part played by suspended particles 
in water chemistry is more complicated and less well-understood. 
There is little information regarding the proportions of the 
different elements which remain attached to suspended particles, 
the degree to which these fractions are detected in chemical 
analyses, and their availability to phytoplankton. 
A considerable body of knowledge exists regarding the 
dynamics of elements, particularly plant nutrients, in soils. 
6.8 
In the past, the tendency has been to treat the chemistry of 
natural waters in terms of water-based solutions. However, soils 
and natural waters are made up of the same components (in 
different proportions) and it is possible that some aspects of 
soil chemistry (e.g. the dynamics of complex formation) could 
be applied, with suitable modification, to problems of water 
chemistry. 
In the two years of the study the weighted mean daily 
-2 -1 planktonic primary production was 65.3 mg m day (1972) and 
-2 -1 143.9 mg m day in 1973. The difference between the two 
years was correlated with changes in turbidity (see Figures 2.5, 
4.2). By Rodhe's (1969) criteria the lake would be classified 
as oligotrophic in 1972 and mesotrophic in 1973 on the basis of 
primary production. On chemical criteria, however, an upper-
mesotrophic to eutrophic classification is more appropriate (see 
Section 2.5). Again light attenuation seems to be a major cause. 
Lakes with low total primary production appear to exhibit a low 
ratio of maximum production (in the zone of optimum light) to 
total, areal, production - see, for example, Berman and Eppley 
(1974). Highly productive lakes generally also have a high 
maximum rate of primary production (P ) relative to that of 
max 
total areal production - presumably because of the self-shading 
effect of the large phytoplankton biomass. During 1972-73 LBG 
exhibited a 'maximum to total' ratio typical of a eutrophic lake 
(the ratio was significantly correlated (negatively) with Secchi 
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disc depth; p < .001). It may be concluded that abiogenic 
turbidity had an analogous role to biomass in highly productive 
lakes in reducing light penetration. Thus, it may be speculated 
that, what might operate as a density-dependent, feed-back 
mechanism to control increases in production at high levels was 
'uncoupled' from the system, and operated independent of 
phytoplankton biomass to suppress production at all depths. 
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ABSTRACT 
Measurements of phytopl~nkton productivity commonly involve 
enclosure of samples in glass bottles, although glass does not 
provide a realistic light environment since it strongly absorbs 
short-wave (ultraviolet) radiation. Quartz bottles would be 
preferable but are expensive. Here a comparison is made of 
several inexpensive and readily available alternatives: 'perspex' 
(plexiglass), cellulose acetate, 'saran' (polyvinylidene chloride), 
and 'polythene' (polyethylene). A field experiment using the 
carbon-14 method indicated significant effects due to the 
different optical characteristics of the various materials in the 
short-wave range. Envelopes made of polythene or saran appeared 
most satisfactory. The different permeabilities of these materials 
to gases seemed unimportant. 
I. INTRODUCTION 
The usual means of determining planktonic primary 
production, namely measurement of oxygen evolution or carbon-14 
assimilation, both generally involve incubation of samples in 
clear and opaque reagent-bottles (e.g. Vollenweider 1969). Even 
disregarding the variable optical quality of glass bottles, 
i . 
there are significant objections to use of glass (including pyrex) 
as a material for enclosing samples. Soeder and Talling (1969) 
pointed out that glass may, under some conditions, protect the 
phytoplankton from high intensity radiation or, in other 
circumstances, provide shading. Findenegg (1966) found marked 
differences in experimental results from glass and quartz bottles, 
suggesting quartz was a more realistic material because, unlike 
glass, it does not strongly absorb ultraviolet radiation. The 
relative expense of quartz bottles, however, precludes their 
general use. 
It has been stated (e.g. Wetzel 1964; Soeder and Talling 
1969), that perspex (plexiglass) and like plastics have optical 
properties similar to those of quartz, Ilmavirta and Hakala 
(1972) confirmed that under some conditions carbon-14 assimilation 
measured in acrylic plastic containers was lower than than in 
Jena glass. Despite their ready availability, alternatives to 
glass have not been widely used. In this paper, comparison is 
made of a small variety of potentially useful materials. 
II. MATERIALS AND METHODS 
The materials tested included glass (100 ml pyrex flasks; 
wall thickness 1.5 mm), 'perspex' (plexiglass; 100 ml cylinders; 
1.5 mm), cellul9se acetate (0.12 mm), 'polythene' ~olethylene; 
0.04 mm), and 'saran' (polyvinylidene chloride; 0.02 mm). The 
latter three materials, being flexible, were folded and heat-
sealed to form triangular envelopes (30 x 30 x 10 cm) with a 
capacity fo about 100 ml. Light transmission (225 - 700 nm) by 
each material was measured using a Unicam SP 800B Ultraviolet 
Spectrophotometer. 
3. 
In a carbon-14 experiment on Lake Burley Griffin, Canberra, 
samples were exposed at depths of 0, 0.1, 0.5, 1, and 2 m. A 1.5 
1 sample, taken from each incubation depth with a Van Dorn sampler, 
was poured into an opaque jar, inoculated with sodium bicarbonate- 14c 
(2 µCi/100 ml), and thoroughly mixed before filling the experimental 
containers. The flexible vessels were compressed before tying-off 
at the neck, so that air was excluded. Vessels were tied to a 
brass frame suspended between two floats and incubated from 1100-
1400 hr. After recovery, four 20 ml aliquots from each vessel 
were filtered (0.45 µ Millipore filters; 10 mm Hg), and the filters 
dried over silica gel. Prior to radioassay, filters were exposed 
to fuming hydrochloric acid for 10 min (Wetzel 1965). The filtrate 
from each vessel was acidified (pH< 3), and aerated for 20 min to 
. . 14c remove inorganic . Four 0.5 ml aliquots were taken for radio-
assay, made with a Beckman LS 250 liquid scintillation apparatus. 
'Dark' bottles were not included in the experimental design, 
4 . 
although suitable opaqued plastics are easily obtained. 
III. RESULTS AND DISCUSSION 
A comparison of the optical properties of the five materials 
is shown in Fig. 1. Since data for the visible range (400-700 
nanometres) were essentially comparable, these are omitted from 
the diagram. While glass, perspex, and to a lesser degree cellulose 
acetate showed significant absorption of short-wave radiation, this 
was not so for saran and polythene. One might therefore expect 
saran and polythene to be more effective as materials for 
enclosure of phytoplankton samples. 
A carbon-14 experiment designed to test the materials was 
conducted in Lake Burley Griffin, Canberra, on 23 April, 1973. The 
lake is a large (704 ha), shallow (z = 4.71 m), artificial impound-
ment. Daily production on the day of the experiment was about 
75 mg C m2 day- 1 . Weather conditions were clear, with only slight 
winds. Mean secchi transparency was 1.7 m. 
Results for filtered material (Table 1) indicate no signific-
ant effects among data for depths greater than 0.1 m. However, for 
those samples exposed immediately below the surface (Om), both 
glass and perspex showed significantly higher (p < 0.01) activities 
than the remainder. This situation is suggested also by data for 
0.1 m, although the differences are statistically not significant. 
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s . 
These observations are consistent with the expectation that, 
since glass and perspex absorb relatively high proportions of short-
wave radiations, they shield the phytoplankton from inhibition 
(Findenegg 1966). Measurements of 14c- assimilation using light 
bottles of glass or perspex may therefore cause significant 
overestimation of the natural carbon assimilation near the surface. 
This effect might be particularly important in high-altitude 
situations, where there are relatively high levels of short-wave 
radiation, or in turbid conditions, where low light penetration 
means an increased relative proportion of shorter wave length light. 
The levels of radioactivity in filtrates appeared unaffected 
by the type of material used for enclosure as no significant diff-
erence was found between measurements at any dpeth. This could 
indicate that excretion of organic matter by phytoplankton is 
relatively independent of short-wave radiation (cf. Watt 1965). 
At the thicknesses used here, saran has a permeability to 
gaseous carbon dioxide about 200 times less than that of polythene 
4 -1 -1 (4.1 vs. 760 mm sec dyne ; Woolley 1967), although it is not 
clear what relevance this may have for production measurements. 
However, 1n laboratory experiments no radioactivity could be 
detected 1n the water outside polythene envelopes, suggesting 
14 
at least that significant leakage of C does not occur. 
On the basis of these data, there is little to choose between 
saran and polythene. Either material appears preferable to glass, 
primarily for its superior optical qualities, and also for the 
advantages of flexible, disposable containers. 
6. 
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(m) 
0 
0.1 
0.5 
1 
2. 
Table 1. Mean disintegrations per minute (DPM) 
(after correction for background) of filter residues 
from 20 ml aliquots of samples exposed in clear 
vessels for 3 hr. 
Mean DPM (with standard error) for samples exposed in 
clear vessels of: 
Perspex Glass Cellulose Polythene Saran 
Acetate 
637.9 624.8 475.3 438.0 444.1 
(8. 270) (9.774) (7.679) (6.342) (6.580) 
714.5 715.3 674.3 685.7 680.3 
(7. 730) (13.90) (10. 57J *7.174) (8.405) 
380.8 389.8 378.8 396.8 406.0 
(6.638) (7.841) (8.535) (8.695) (8.239) 
266.8 264.4 258.5 279.2 288.7 
(7. 060) (8.537) (8.049) (7.368) (7.008) 
161.4 170.8 153.0 184.8 182.0 
(6.991) (7.913) (7. 018) (8.382) (4.923) 
7 . 
1. 
APPENDIX B CARBON-14 RETHO.DOLOGY 
The gradual refinement of the carbon-14 method over a period 
of years is well known. The current state of the art is probably 
best represented by the work of Schindler, in Canada. The aim of 
this discussion is to highlight aspects, relating to incubation 
techniques in general carbon-14 in particular, which must be taken 
into account when making or interpreting carbon-14 assimilation 
measurements. 
Incubation Techniques. 
Problems of interpreting field incubation experiments, apart 
from those associated with sampling errors, arise from artefacts of 
confining phytoplankton - restricting their natural displacement and 
curtailing equilibration with the surrounding environment. 
Prevention of natural displacement may change the light 
climate of the phytoplankton by preventing them from moving through 
the light gradient in the water column. The problem was discussed 
briefly in Section 4.4. Harris and Lott (1973) have shown algal 
photosynthesis responds asymetrically to fluctuating light. They 
also indicate that photoinhibition is more likely to occur after 
prolonged exposure to high light intensities. Thus, normal 
incubation techniques may over-estimate natural surface inhibition. 
If this is the case, then the use of polyethylene bags in the 
l 
present study (in particular see Appendix. A) may serve to 
aggravate the situation. Other problems resulting from restricted 
movement, for example 'settling-out' may be marginally improved 
by use of bags. 
2 . 
Problems resulting from gradual divergence between the 
environments outside and inside the containers have been discussed 
elsewhere (e.g. Walker 1973). Although there is little experimental 
evidence, such factors as differential zooplankton grazing rates and 
nutrient concentrations are possible source of bias. Another 
factor which is certain to have some effect, particularly in highly 
productive samples or long incubation periods, is oxygen inhibition 
(Walker 1975). 
Recent studies (Badger and Andrews 1974) have indicated that 
o2 and CO2 compete for the substrate, D-ribulose-1, SOdiphosphate 
(RuDP) in the initial steps of photorespiration and photosynthesis 
respectively. The proportion of substrate used for each purpose 
depends on the ratio of o2 and CO 2 at the active site. Consequently 
any change in that ratio in the enclosed sample relative to the 
surrounding water, e.g. through the build up of oxygen or the 
depletion of CO2 , will result in differences in the actual rate of 
photosynthesis inside and outside the container. Because the 
reaction depends on ratios rather than absolute amounts and is 
temperature-dependent it is difficult to estimate the overall 
effect of this process on productivity measurements. However the 
temperature effect appears to be an important complication. Badger 
and Andrews (1974) show that, for spinach, the ratio photorespiration 
3. 
to photosynthesis increases 2.5 times between 5°C and 30°C. 
Under highly productive conditions or where the natural 
levels of inorganic carbon are low, oxygen inhibition could produce 
serious underestimates of primary production. It is of particular 
importance to the oxygen-method of primary production measurement, 
the accuracy of which depends on significant changes in oxygen. 
concentration in the enclosed samples. In highly productive waters 
it would be advisable to measure oxygen changes in the water colWIU1 
as well, particularly near the surface where diffusion may result in 
a considerable differential compared with the enclosed samples. 
Problems specific to the use of carbon-~4. 
Thomas ( 1963) treats these problems under four headi_n~ the 
isotope effect (= discrimination), non-photosynthetic assimilation, 
losses due to excretion and cell rupture, and respiration losses. 
Isotope discrimination 
In most cases, including the present study, a factor of 5% 
is assumed to compensate for isotope discrimination in carbon-14 
calculation. Experiments (e.g. Buchanan et al. 1953) indicate 
that this figure may be realistic, However the dynamics of 
isotope discrimination are quite complicated and it inay be 
expected that the overall value would vary considerably between 
waterbodies (or samples in the same water body). Discrimination 
takes two forms: physical and chemical (Smith 1972). Physical 
'I 
discrimination occurs for example on diffusion across a membrane 
or adsorption onto colloidal particles. It is always predictable, 
being inversely proportional to the molecular weights of the 
isotopes involved. 
4. 
Discrimination associated with chemical reactions is more 
complicated, and both the direction and extent of discrimination 
vary greatly. Chemical discrimination occurs within the inorganic 
carbon buffer system in the water, in the carbonic anhydrase 
mediated balance of CO2 and bicarbonate in the cell, and all the 
biochemical reactions involving newly assimilated carbon. 
The total picture 1s complicated and unpredictable. It is 
likely to vary with changes in the balance of the carbon buffer 
system (e.g. by pH changes) absorption onto suspended particles, 
and with the types of algae present - particularly in regard to their 
use of bicarbonate as an inorganic carbon source (Craig 1953; p.70). 
In its present state, as for example in the present study, 
the carbon-14 method should avoid problems of non-photosynthetic 
assimilation and under-estimates through excretion and cell 
rupture. The use of dark-bottle corrections at each depth should 
solve the former. Development of liquid scintillants capable of 
accoJIUDodating aqueous samples has allowed for the measurement of 
organic arbon-14 in filtrates or unfiltered samples. 
There appears to be no satisfactory field-method for 
accounting for respiration losses of carbon-14. The relative 
balance of photosynthesis, photorespiration, and tissue 
respiration is not yet understood. Again there is reason to 
expect that individual species will vary considerably in this 
balance, and in such factors as the degree to which respiratory 
CO2 is recycled immediately within the cell. Respiration 
losses remain one of the most serious drawbacks in the use of 
5 . 
the carbon-14 method - not only because it prevents the confident 
expression of data as either net or gross production, but more 
importantly because the estimates are likely to vary between depths 
as a result of differences in light intensity (and therefore 
photosynthesis/respiration ratio, photorespiration etc.). I 
Conclusions. 
That such factors as oxygen inhibition, isotope discrimin-
ation, and respiratory losses should exist is not in itself a 
problem. It is, rather, that it is impossible to predict the extent 
of their interference in any given situation. Even if good 
empirical information was available for a given case (e.g. isotope 
discrimination; Thomas 1963) this probably would not apply generally. 
Brown and Tregunna (1967) showed more than 100% differences in the 
effect of increases in CO 2 on photosynthesis (and by implication 
photorespiration) in three freshwater algal species and interspecific 
differences are likely to exist for the other factors. Isotope 
discrimination in particular is also likely to be influenced by any 
variations in the inorganic carbon buffer system in the water. 
Problems associated with applying the carbon-14 technique 
stem from the fact that it represents a field application of what 
is basically a laboratory technique. The loss of the strict 
controls associated with laboratory work must result in a loss of 
reliability. The problems discussed above represent some of the 
technical factors which the field application fails to account for 
satisfactorily. Methodological problems exist also, which though 
reduced by careful methods, still may present significant errors. 
One such problem exists in the fact that samples from deep water 
probably experience a significant proportion of the total light 
for exposure period, during the preparation of samples. Any 
differences in duration of exposure, particularly between light 
and dark bottles, may lead to large relative errors. This could 
be significant in estimation of areal production in cases where 
6. 
the deeper samples are more widely spaced, and consequently represent 
a considerable volume of water. 
Overall it seems that because it is sensitive the carbon~l4 
method is also asswned (or expected) to be accurate. In fact its 
sensitivity represents a potential for accuracy which, though it 
may be achieved in a controlled laboratory situation, is not 
realized under field conditions. 
By the time the errors discussed above have been compounded 
by integration to express data per unit lake area, through 
expansion by an empirically derived and variable factor to gain 
daily production estimates, and by the assumption that daily 
estimate is typical of the surrounding days, the result may not be 
I· 
7 . 
better than an 'order of magnitude' estimate . (It is difficult 
to see th at these calculations have any real value beyond that of 
an expres sion of hourly production for a period spanning the 
middle of the day) .. Whilst the estimates may bear a reasonable 
(albeit variable) relationship to actual production, if repeated 
regularly over a period of time, isolated or occasional measurements 
probably have little more quantitative value than an experienced, 
visual as sessment. 
8. 
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